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FOREWORD

The Lockheed Missiles and Space Company (LMSC) is submitting this report in

fulfillment of the requirements of contract NAS 3-16769. The program was conducted

by the Space Systems Division of LMSC, under the management of the NASA Project

Manager, Mr. D. E. Sokolowski, NASA Lewis Research Center.
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Section 1

SUMMARY

A thermodynamic vent system is one wherein vent fluid is extracted from a tank,

expanded through a Joule-Thompson valve to produce a temperature drop, and then

passed through a heat exchanger to cool the remaining fluid in the tank. The program

described in this report was designed to evaluate a passive system for which the heat

exchanger is formed by wrapping tubing over the tank wall. No active mixing is used

to stir the tank contents. Therefore, conduction and/or free convection will control

the energy distribution within the tank and the rate at which the tank pressure can be

controlled by cooling at the tank wall. This suggests that the system efficiency,

which is based on the ability to control pressure while minimizing total mass loss,

may be gravity dependent.

The objectives of this program were to: (1) develop analytical models which describe

the mass and energy distribution inside cryogenic tanks and relate these to the pres-

sure control characteristics (primary variables were gravity level, heat flux, and

tank size), (2) develop design models for the wall mounted system, (3) devise and

implement a one-g test program to simulate the low-g conditions and provide data

to supplement the analytical models, and (4) evaluate the validity of the models.

The program was divided into the following five technical tasks:

Task I - Characterization of Cryogenic Tank Pressure Histories

Task II - Experimental Evaluation of the Heat Transfer Model

Task III - Design and Fabrication of System for Experimental Evaluation

of Design Model

Task IV - Test Evaluation of Design Model System

Task V - Correlation of Analytical and Experimental Data

1-1
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Two models were developed in Task I; one for the case of pure conduction (zero-g)

and one for the case where heat transfer was convection dominated. Further, the

zero-g case requires that a model be developed for each tank shape (i.e., sphere,

cylinder with L/D = 2, 3, 4, etc.). An R-C network is generated for each con-

figuration and ullage volume with the liquid-vapor interface assumed to be spherical.

Phase change occurs anywhere in the liquid if the local temperature is above the

instantaneous saturation temperature. The R-C nodal network is put into a thermal

analyzer program along with criteria for phase change. The program computes the

mass and energy balances and corresponding pressure and temperature histories

for a given heat exchanger resistance (wall-to-tube). This model indicates that the

tank wall heat exchanger will control tank pressure, even under zero-g conditions.

With an active mixer system the tank contents are maintained in a funiform condition

with mechanical mixing. Thus, there is no subcooling in the bottom of tank which

results in excess loss of vented propellant. With the tank wall heat exchanger colder

fluid collects in the bottom during the cooling cycle giving rise to nonuniform conditions;

this results in some subcooling and a concommitant excess vented propellant. However,

even in zero-g this becomes a relatively insignificant penalty when the vehicle has

been through 5 or 6 vent cycles.

1-2
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Section 2

INTRODUCTION

So effective have become the thermal protection systems for cryogenic space pro-

pulsion vehicles that nonvented storage of liquid cryogens is now a practical considera-

tion for Earth-orbital and planetary orbit injection missions. Even so, in all pro-

pellant tankage systems a pressure relief system is mandatory for safety and system

operational considerations. For example, venting may be desired for reduction of

tank pressure after an engine firing. In this way, lower tank operating pressures

and tank weights may be used and still provide the required net positive suction

pressure to the engine, when successive firings are demanded by the mission profile.

Normally, a gas-vent relief valve might be considered for venting the cryogen tank.

In space flight, however, long periods of near zero-gravity coast of the spacecraft

occur. Space flight experience has shown that in zero-gravity the location and move-

ment of the liquid propellant in the tank is uncertain. Thus, under such conditions,

pressure relief of the tank through an ordinary relief valve is unreliable and possibly

very inefficient because of the likely ingestion of large amounts of liquid cryogen that

would be vented directly overboard. Actual mission failures have occurred because of

excessive propellant loss and consumption of attitude control propellants to correct

for large variations and unbalances in vehicle motions that were induced by the vent

system.

One concept for providing effective control without the above mentioned problems is

a thermodynamic vent system. During operation of this system, vent fluid is with-

drawn from the tank and expanded through a Joule-Thompson valve to produce a

refrigerated vapor. This cold fluid is then passed through a heat exchanger that is

in contact with the tank propellants, where it absorbs enough energy to vaporize the

liquid in the wet vapor. The vented propellant is then vented overboard as a saturated

or superheated vapor just as though it had been extracted directly from the ullage.

The thermodynamic process is illustrated on figure 2-1.

2-1
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Fig. 2-1 Thermodynamic Process

The NASA-LeRC recognized the potential of this type of system some time ago and

awarded contracts to LMSC (NAS 3-7942, 3-12033) which resulted in the design,

development and experimental demonstration of an active system that used a compact heat

exchanger.

In this previous work, design data and analysis techniques were developed which

related both the thermal and hydrodynamic (mixing) characteristics of the vent system

to the pressure response in the tank. It was shown that when the mixer jet velocity

exceeded a critical valve necessary to give complete circulation, the tank pressure

could be predicted with mixed model theory and pressure response was limited by the

thermal capacity of the heat exchanger. The analytical models were confirmed with

approximately 1500 hours of testing in 41.5 inch and 109 inch diameter tanks. The

results of this previous work on the active system are presented in Ref. 1-3. A similar

program is described in Ref. 4.

The basic objective of this program was to provide techniques and data for the passive

tank wall heat exchanger concept that would parallel that previously obtained for the

2-2
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active system. The program is both analytical and experimental in nature and is
designed to measure the effectiveness of the tank wall heat exchanger system as a
low gravity tank pressure control device. Specific objectives which served to accom-
plish the foregoing broad objective were as follows:

1. Develop analytical models which describe the energy distribution inside
cryogenic tanks and which relate these to the pressure control characteristics.

2. Develop design models for the wall mounted heat exchanger.
3. Devise and implement a one-g test program for simulating low-g convection

and provide data to supplement the analytical models.

4. Correlate the experimental results with the analytical models.

Performance curves have been generated for a wide range of tank sizes, g-level, heat
flux, etc., and are contained herein. However, the theoretical developments, evaluation
criteria, and test techniques can be used for any specific application, such as a cryogenic
space tug. They are also valid for non-cryogenic fluids. Details of the program
are described in the following sections of the report.

2-3
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Section 3

CHARACTERIZATION OF CRYOGENIC TANK PRESSURES

When no active mixing is used to stir the contents, conduction and/or free convection

will control the energy distribution within a space vehicle cryogen tank. The extent

to which one mode will limit the pressure control process depends upon the heat flux

and g-level. This is illustrated on Fig. 3-la as a thermal resistance dependency. If

the g-level is sufficiently high to induce free convection it takes time to establish a

boundary layer. During this transient period, the thermal resistance could be

expected to vary in a manner depicted in Fig. 3-1b. An analysis was performed to

estimate the time required to develop the boundary layer. However, the approach

in this program was to determine the pressure response using conduction models, and

convection model with fully established flow. If the convection model results in vent

periods of the same order, or shorter, than the predicted time for developing the

boundary layer, then the more conservative conduction model would be used for the

heat exchanger design.

The basic configurations and operational parameters for this study are listed in

Table 3-1. However, this wide matrix can more easily be assimilated reducing it

to physically meaningful dimensionless parameters, such as the Bond number (Bo)

and Raleigh number (Ra). These dimensionless parameters indicate the importance

of liquid orientation, free convection, conduction, etc. and thus the type of analytical

models that are needed.

3-1
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Fig. 3-1 Pictorial Illustration of Heat Transfer Domains and Thermal Resistance
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Table 3-1

TANK CONFIGURATIONS

Heat Flux,

Configuration Diameter Tank Ullage Acceleration w/m 2

Configuration m (feet) No. Ratio g /go (Btu/Hr-Ft2 )

O -6
o Sphere 1.22, 2.44, 12.2 1, 2, 3 0.05, 0.50, 0.90 0, 10 -6 , 1 0.31, 1.56, 3.14

(4), (8), (40) (0.1), (0.5), (1.0)
I
m 1-6
Pm Cylinder 0.90 L/D = 2 4 0.05, 0.50, 0.90 0, 10 , 1 0.31, 1.56, 3.14

(2.95)

W -6
U) 1.80 L/D = 2 5 0.05, 0.50, 0.90 0, 10- 6  1 0.31, 1.56, 3.14

r (5.9)
m co -6,

U) CIO1.37 L/D = 4 7 0.05, 0.50, 0.90 0, 10 , 1 0.31, 1.56, 3.14

(4.5)
u-6

3.66 L/D = 4 0.05, 0.50, 0.90 0, 10 , 1 0.31, 1.56, 3.14

05 (12.0)

) 8.84 L/D = 2 6 0.05, 0.50, 0.90 0, 10 - 6 , 1 0.31, 1.56, 3.14

(29.0)

-6
z 6.86 L/D = 4 9 0.05, 0.50, 0.90 0, 106, 1 0.31, 1.56, 3.14

< (22.5)



The liquid-ullage interface configuration can be inferred from the Bond number

which can be computed from the following relationship:

Bo = aD 2  
0

4u g

where: a = g/go , p = liquid density, a = surface tension

go = standard gravitational acceleration

go = universal gravitational constant

This Equation is graphed as Figs. 3-2 and 3-3 for hydrogen and oxygen, respectively.

Also shown are the points from Table 3-1, identified by tank number, and g level

(except where g = Bo = 0). As indicated on the figures, at 10 - 6 g's, the four largest

tanks will have interface configurations somewhere between spherical and flat (i.e.,

1 i Bo 102). The other tanks and g-levels can be treated with either a flat or

spherical interface model.

The heat transfer domains to be modeled can be characterized by a modified Raleigh

number defined by:

* 4  /(fp2c
Ra = g X4w_

This Equation is graphed on Figs. 3-4 and 3-5 for LH, and LO,, respectively, which

also show the computed points from the Table 3-1 matrix for a = 1, and 10- 6 . A

non-dimensional heat flux, qw = qw / 1.0 has been used for convenience in plotting

Figs. 3-4 and 3-5. The characteristic length used in the computation was approximated

from the tank length (L) and ullage ratio (Vu) as X = L (1 - V ).

3-4
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The study points plotted on Figs. 3-4 and 3-5 can be compared with the types of

convection indicated for various values of the Raleigh number (Ra), as shown along

the right hand edge of these graphs. The study points lie within rather narrow bands

along each of the acceleration levels considered, a = 0, 10- 6 and 1, since a limited

range of q was considered, 0. 1! qw <1.0. For the one gravity study points,
1 *

10-1 q ;q 1, the flow regime should vary from transition flow between laminar

and turbulent boundary layers for the smallest scale tanks up to fully established

turbulent convection for all larger scale tanks. Even the smallest scale tanks with

one gravity acceleration and a ground hold heat rate would all experience turbulent

free convection boundary layers.

The study points for a = 10 - 6 acceleration level and 0.1 g qw * 1.0 wall heat flux,

range from gross viscous motion for the smallest dimensions X to a turbulent free

convection boundary layer for large scale X dimensions. Notice that the first five

sets of study points, designated by tank numbers 1, 4, 2, 5 and 7, at the smallest

X lengths, all apply to low Bond numbers, B <1.0, and low fill levels, (1 - Vu *) = 0.1.

The liquid configuration in these tanks will result in longer values of X than those esti-

mated in this study, so that the values of Ra might be one or two orders of magnitude

higher than shown for these points. Hence, all of the a = 10- 6 acceleration level study

points would be in the laminar and turbulent boundary layer regimes. Based upon the

Figs. 3-4 and 3-5 study points, therefore, gross viscous motion was not modeled.

For zero gravity, (a = 0), the modified Raleigh number Ra = 0. Hence, one third

of the total study points, are in the pure conduction heat transfer domain. Although

this acceleration level could never be practically obtained, its heat transfer model

represents a limiting solution of the tank pressurization time.

3-5
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Fig. 3-2 Bond Number as a Function of Acceleration and Tank Size for LH 2
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Fig. 3-3 Bond Number as a Function of Acceleration and Tank Size for L0 2
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Fig. 3-4 Raleigh Number as a function of Length and Acceleration for LH 2
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3.1 TRANSIENT BOUNDARY LAYER ANALYSIS

One of the important considerations involved in selecting a heat transfer model for

low-g conditions is the amount of time required to establish a natural convection

boundary layer. Expressions have been developed by Schwartz and Adelberg (Ref. 5)

for such time constants for the case of uniform wall temperature and by Siegal (Ref. 6)

for a laminar boundary layer with uniform heat flux. An analysis has been conducted

to derive the time constant for the turbulent boundary layer with uniform heat flux.

The system used in the analysis is illiustrated "' " 3 6.

Mo(t)

T TB

L

X I ,

Fig. 3-6 Model for Boundary Layer Analysis During Transient
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Vliet (Ref. 7) gives the following expressions for boundary layer thickness and for

a fictitious velocity which characterizes a fully developed, turbulent boundary layer

with uniform heat flux.

5/14 5-14 3/7
U1 = 13.15 v (PC ),v3 t x

6PC 3 51/14 1/14 5/17

s # qw, t

Using the velocity profile from Ref. 8, the steady state velocity at any distance y

from the wall, in the X direction is given by:

Us/U = (Y/6) 1/7(1 - y/6 ) 4

The average velocity in the boundary layer is obtained by integrating over the

thickness of the boundary layer. Therefore,

6s

Us = 1/6 s  U s dy = 0.147 U1

By substitution, we get:

5/14 w 5/14 3/7
Us = 1.93 V 3 bqt x
s PCp v

Adelberg (Ref. 5) used a Taylor series to describe the thickness ratio between the

transient and fully developed boundary layer, i.e.,
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(xt= 2 ) - (\2 0t ts

where: 6 (xt) = thickness at location x, and time

t = time

t s = time required to reach steady state

The equations for 6 and T can be comhirned to give:

U C 6) 3/

Assuming the expression for U , to hold at any time, we can get by integration:

2 3/5

x,t =s [ t t

Conservation of mass in a control volume of unit width gives:

t t
S s

f(dt f MSTOREDdt P6s L
0 0

where: M 0PU(X t)6(X, t) 01

Me = -M e -t/tr (Ref. 1)

and tr is a reference time constant which must be significantly less than ts
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Substituting the thickness ratio into the expression for Ux, t, we get:

t tS

M dt = Ms I ) /tS'1 dt = 0.57 Mt
O

Combining the two preceding equations, gives:

Lim Me M dt= 0.43 Ms t = P6 L.1tLm -- oP(

At steady state conditions the mass flow rate Ms is proportional to the average

velocity and the boundary layer thickness at any location x. Evaluating at x = L,

we have

I s =PUS, L 6S, L

Combining the preceding two expressions, gives:

0.43p S, L6S, Lts= PBs L

L

s6 - dx = 7/12 6s,L

These equations combine to give an expression for t s in terms of the fully developed

average exit velocity and the boundary layer run length,

ts = 1.37 (L/s, L)
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The bracketed quantity is the time it would take a particle of fluid moving at the

fully developed velocity Us, L to traverse the length of the boundary layer. During

the transient, this time is effectively increased by 37 percent.

(PC 3) 5/14 4/7
0.71 p L

v (Pqwt 5/14

Figures 3-7 and 3-8 show the calculated transient for hydrogen and oxygen,

respectively. Also shown is Siegal's solution for laminar boundary layers. Siegal's

solution gives:

2/5 go t -2/5 2/5 2/5

t s = 4.33 (1.68 + pr) R '
RV

The resulting transient times can be compared to the vent cycle period as determined

with a pure conduction model and with a steady state, free convection model to gain

insight into the controlling mechanism. It can be seen on Figs. 3-7 and 3-8 that for

the large tanks, the time constants are on the order of 10-20 hours.

3.2 ZERO-GRAVITY MODEL DESCRIPTION

The zero-gravity model of the propellant tanks and thier contents is based upon

conduction heat transfer between the tank, ullage, and liquid nodes, with vaporization

or condensation changes of phase of the propellant. The liquid was considered to

have a fixed zero-gravity orientation in the tank, and the liquid volume was divided into

nodes. These liquid noses and the tanks wall nodes were then programmed into THERM,
which computes the heat transfer in the tank system.

Once a nodal structure has been generated for a given geometry (L/D) any tank

diameter can be run by inputing the appropriate scaling factors, and any fluid can

be used by inputing the appropriate fluid properties.
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Liquid/ullage coupling model was programmed in subroutine external to THERM, and

at each THERM time step, new values of ullage volume, ullage vapor mass, ullage

temperature, and tanks saturation temperature and pressure are computed based upon
the THERM mode temperatures and heat rates.

3.2. 1 ULLAGE Subroutine

This subroutine is used to solve a matrix of four simultaneous equations which relate

energy and mass balances of the liquid and vapor in the propellant tank.

Primary effort in this model was spent in simulating the evaporation and condensation

effects that would occur in zero-gravity conditions. Besides evaporation or condensa-

tion that would always occur on the normal liquid/vapor interface; vaporization and

subsequent condensation is allowed on the liquid covered tank nodes or in the bulk liquid
nodes, while condensation and subsequent evaporation is allowed on the normally dry
tank wall nodes opposite the ullage space. Liquid or vapor respectively formed by
condensation or evaporation is always assumed to remain at the same location where
it was formed, and the mass of such liquid or vapor was continually summed at each
tanks wall node and bulk liquid node. The opposite and subsequent change of phase is
then limited by the mass formed originally, and if this mass was exhausted, the
corresponding node is then returned to its normal thermal capacity status in THERM.
In this way, the zero-gravity boiling and condensation effects are handled by the com-
bination of the THERM model and the liquid/ullage coupling model, for each of the
THERM nodes.

A basic block diagram of the zero-gravity computer model is shown in Fig. 3-9,
with the interactions of THERM and the liquid/ullage coupling model solution sub-
routine, ULLAGE

An energy balance in the liquid gives:

AAM + CsB AT = AQs u +AQsT + AQsB
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CALL MODE 00

READIN, SETMAS,
SETCAP, SETRES,
SETQ SUBROUTINES

- THERM -
1A-, Tl, t ,E., PDTIM

* ENERGY BALANCE
* NEW TEMPS

CALL MODE 17

ULLAGE SUBROUT

CALL SUMB (1), ETC.
SPECV, COOLM

MATRIX SOLUTION
CALL SUMB (2), ETC.
CALL TSSET (TS + DTS)

CALL SUBROUTINES;
TGRAPH AND OUTPUT

SET COOLING IF SET COOLING
TUBE TO TANK YES TEST YES TUBE TO TANK
WALL RESISTORS: ESTHI CHANGES TESTLO WALL RESISTOR

R(I) = 0.0 VALUE R(I) = R

NO

IF NO
(PTIM.GT.FTJM) OR (NYCYCL.GT.NCYCLE)

OR (LPIT.GT.MAXIT)

END

Fig. 3-9 Block Diagram for the Zero-Gravity Computer Models
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where the three terms on the right represent respectively, the energy transfer at

the liquid-vapor interface, at the wall, and in the bulk liquid, as determined by

THERM.

The bulk capacity, CSB Li T T
i L S

From an energy balance on the total ullage volume Vu , we get:

(CVT - C T)A M + CvMAT + Ps AVu =AQu

It is assumed that the. vapor behaves as a perfect gas over the limited pressures of

interest.. Thus the equation of state is used to relate tank pressure and vapor mass.

The expanded form gives the following expression.

ZRTAM + ZRMAT - VK S AT S - PS AVu = 0

dPuS S SS

KS in the above equation is the slope of the saturation line, i.e., KS =dT S

The ullage volume is related to the liquid volume and the constant total volume, such

that Vu = VT - VL . When this is expanded in finite difference form, we have:

-v L AM + AV u = v MC -ML vL u L AMcL L L

The four equations given above form a B matrix. The computer solves the matrix

for the changes in total vapor mass, M , ullage temperature, T , saturation tem-

perature, Ts , and pressure, Ps s
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3.3 FREE CONVECTION MODEL DESCRIPTION

Figure 3-10 is a block diagram illustrating the interaction between the four subroutines

within the free convection program. The problem is divided into a heating and cool-

down phase. Transition between the two is set by the maximum and minimum pressures

specified for tank pressure control.

The basic approach is to determine the interface configuration and associated liquid

height at the wall, for a given g level, tank size and ullage volume. This is then

used to determine a psuedo-geometry for a flat bottomed, cylindrical tank that will

yield the same modified Grashof (Gr*) number, liquid volume, and wall heat rates as the

actual tank. This geometry conversion is accomplished in a GEOM subrountine. This

geometry is then used in the STRAT subroutine to compute the pressure rise during

the heating portion and in the COOLIT subroutine during the cooling phase. The

ULLAGE subroutine is the same as that in the conduction model.

3. 3. 1 GEOM Subroutine

For any tank with hemispherical ends the volume is given by:

VT = 11/12 D3 [3 (L/D) - 1

The ullage and liquid volumes are:

Vu = VT Vu/VT)

VL = VT (1 - u/VT)
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CALL MODE 08

SETRUNSTRAT SUBROUT IF TEST = SUBROUT

FIND PHI(STIM, PTIM) TESTHI TESTLO FIND HWLFIND TA( )  FIND TW

FIND ATA(I )  I FIND AT LFIND QL(I) FIND QL(I)
SET QL(I) - THERM - SET QL(I)
STOR TA(I)
COM TA(I )  ENERGY BALANCE, NEW TEMPS COM TA(I) = 0

CALL MODE 17

ULLAGE SUBROUT

SUMW (1)
CALL SUMB (1), ETC.

SPECV, COOLM
MATRIX SOLUTION
CALL TSSET (TS + DTS)

TSETEMP T(I) F

GEOM SUBROUT TGRAPH + OUTPUT COOLIT SUBROUT
SET GEOMETRY I FIRST COOLIT ITER
STIM = PTIM TEST FOR ADEQ. COOL

SETSTU SUBROUT ITERATE HWL AND TW

SET VALUES YES TEST YES COM TA(I) = 0

COM ATA(I) = 0 TESTHI CHANGE TESTL

STARTRUN7A Ra(<1), STOP

NO ADEQ COOL, STOP

Fig. 3-10 Block Diagram for the Free Convection Computer Program
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The volume and height relationship of a spherical segment is,

h = R + 2R cos [0/3 + 2/3 rk] ,for k = 0, 1, 2

where

R = D/2

_F / V2
= cos + V 1 - + r

3 4 T2 6

The correct height h of the spherical segment is the one of the three values in the

range 0< hk< R .

The liquid elevation Z of the flat interface is found in the following manner for any

tank fill level.

If

VL < 2/3 n R3 , then Z = h

If

2/3 rR 3 <VL < 2/3 rR3 [3 (L/D) - 2] then Z = R + 2/3 R [3 (L/D) -2

If

VL > 2/3 r R3 [3 (L/D) -2] then set VS = Vu in the spherical segment solution

Z = L-h

The interface shape due to low bond number accelerations must also be defined. This

is accomplished with the ellipsoidal shape approximation of Satterlee (Ref. 9) from

which the rise, at the wall, above the flat interface is found. For the propellants LH2
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and LO2 , the contact angle 0- 00, and this yields a very simple ellipsoidal

approximation of the interface shape.

BO = gpR 2

For 6 = 00 in a cylindrical section, then = 1. 0 and cos 0 = 1. 0, and Ref. 9

gives the following expressions:

4 34 Cos Cos 0 2

Bo = (
1- v1' - (1/w)2]

Bo = + -2 Now, letting = 1/13

3 + 4- (Ba + 2) = 0, whichhas the form

43 + a + b = 0, where a = 1 and b = - (Ba + 2)

+ = + (Bo42) 2 2 0
27/ 4 27

Since the bracketed quantity > 0, there is only one real root to the ( cubic equation.

3 =3
2 3 2 3

b b a b b a= A+B= + +_ +
2 4 27 2 4 27
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3 22 2+ + 2)(Bo+2) (Bo + 2) 2) (Bo
= V 2 + 4 27~ - 27

p -= , where p = semi-minor axis of the ellipse.

Additional length AZ along the wall above the flat interface is:

Az = 2/3 p , or AZ = 2/3 PR
R

In cylindrical section or the bottom hemisphere this would also be increased elevation.

However, in the upper hemisphere, the following relation for A Z is used where h< R :

AZ = 2/3 ph

This always insures some dry tank wall at the ullage, which would effectively be present

with thin liquid layers.

The liquid/vapor interface area is based upon the computed p value and the area of the

flat liquid/vapor interface A F . In the cylindrical section, the flat surface radius,

RF is:

R F  = D/2

In the hemispherical ends, the radius of the flat interface RF is

F VR - - hRF  = R2 (R-h)2  = 2Rh-h 2

The flat interface area A F is then:

2

A = 7rR FF F
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The actual interface area A is:

A = (1+P)AF

The tank wall areas for bottom heating AB, side wall heating Aw and dry tank wall

ullage Au can now be defined. If 0B is the angle from the tank centerline at which

the boundary layer starts, then this height hB above the tank bottom is:

hB = R(1 - cos OB)

The three areas of the tank wall are then:

AB = 7rDhB A L = AB + Aw

Au = ?D L - (Z+AZ) = D [D D- (Z+AZ)]

Aw = 7rD (Z+AZ)]- hB

AT = 7DL = AB + A + A =  DhB + L - (Z + AZ + (Z+AZ)-hB = DL

The boundary layer run length x along the wall can now be computed, depending on the

value of (Z+AZ).

If (Z+AZ) > R and (Z+AZ) < (L - R), then:

X = R (/2 - B) + (Z+AZ) - R

A different approach is required if the interface at the tank wall is located in either

hemispherical end.

If (Z+AZ) < R, then:

u = cos'- (Z+AZ)uR

x = R (ou - OB )
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If (Z+AZ) > (L - R)

0= -1 (Z+AZ) - (L - R) ]=sin- [- L- (Z+AZ)

eu = sin R R

X = R (r/2- 0B) + (L- D) + ROu

The above relations complete the geometry considerations required for the actual

tank.

3.3.2 STRAT Subroutine

The heating portion of the cycle, uses the Tellep and Harper Stratification Model I

(Ref. 10). The actual tank is transformed to a cylindrical tank with a flat bottom,

that will yield the same modified Grashof No., Gr*, same liquid volume, VL, and

same wall heat rates, qw , and qB as the actual tank. With a uniform wall heat rate

of q on the actual tank, the parameters to be held constant from the actual tank are:

Sg*go q X p
Gr =

kv2

where:

p

VL = liquid volume in the tank, which is kept current with time

q =q Aw

qB = q AB

For the pure cylindrical tank (subscript c), these parameters can be expressed as:
4

g*goflq X0
Gr =

kv 2

V = 1/4 D 2 X

q. =.A q: .irD X
qw.= q4 A = q .7rDo Xcc c c

qB ' AB  q' . r/4 D2

c c c
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The first three relationships above must be solved simultaneously for q , Dc and

X for the pure cylindrical tank model, and yields:

c g*go 1qw

4 VL D
S= and Rc

c X c 2

kv 2 Gr

c g go Pf X

The bottom heat flux q' can be then fixed as:
c

AB  AB 4AB
I? B = BA B

c B TrR TrD
c c c

The Model I stratification solutions of Tellep and Harper have both laminar and

turbulent free convection mechanisms. However, it is assumed that transistion

occurs at one value of the Rayleigh number, where

o ' X 4  Cgggop c p

Ra* = Gr*Pr = C 2
kv

2

for all liquid properties, then there would be a sharp discontinuity between the

laminar and turbulent solutions at the transition Ra number. To get around this

problem, transition is allowed to occur over a Rayleigh number range of Ra MIN

1011< Ra < Ra MAX 1 0 13  For Ra values below this range, the pure laminar

solution is used, whereas for values above this range, the pure turbulent solution

is used. For solutions in this range, the parameter K is averaged in a weighted

manner with respect to the Rayleigh number:
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Ra - Ra ) K R Ra - Ra K
( MAX a)LAM + MIN TURB

S(RaMAX a ) MIN)

In the Tellep and Harper Model I, the solution is divided into two regimes, depending

of the mass startified layer A, has reached the bottom of the tank or not. The time

parameter for these solutions is:

0 = vt/X

Al A1
The - solution before - = 1.0 has the following solution:

X X
c c

C * 1/55
LAM 1- [- 0 . 6 3 0 ( 0.388

LAM C Pr

S= 1 - 1i+ 0.0924( ( Gr
xcURB + 0.0924 Pr 1 + 0.443 Pr2/3

The time 0 A required for the mass layer to reach bottom has been solved from the

above equations:

Pr0.
3 8 8

OA) LAM = 1.5873 c * 1/5

5.75 Pr2/3 1 + 0.443 Pr2/3 2/7

(OA LTURB
c Gr

3-28

LOCKHEED MISSILES & SPACE COMPANY



For 0 < cA'

IXc 1/5 5
= 1 - i- 0.630 R 0

c LAM c Pr

, X * 27 7
- 1 + 0.0924 -c Gr

TURB [ cPr 1 + 0.443 PrJ

With the appropriate value of , expressions for the three desired quantities

TS ' 2 and TB follow. T0 is the initial liquid temperature at time t = 0.

(X

2 0 c

T = (TR cX)TS To P

(1c F) +2 - c
SR k 

= 1/2 + k / kJX 2FPr (T S -T )

(F)( c ) + 2 c/2 + ) ( k +

2FPr (TS- To) ] FPr (T S -To)
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TB - To)

q" X [1 2
Be Xc) Pr 2]

q X
TB c

(TB-TO) Pr
B o Pr 1 - k

When the stratified layer reaches the bottom of the tank (4 > 4A) any additional heat

is asumed to be distributed uniformly, thus maintaining the shape of the temperature

profile that occurs at time A = A"

Below the temperature stratified layer A 2, the liquid temperature is a uniform TB.
In the stratified layer, the temperature distribution will be:

T T TB
T TB = f (y*)

S B

where y* , y is the depth below the liquid surface, and the equation applies

0< y*< 1 .

Using the Tellep and Harper expression for f (y*) yields:

T - TB e
T T = (1 - y*) where e = exponent.

S B

The exponent e is defined by fixing the value of the energy integral F , and using the

relation:

Se 
-(1 - y*) e+ 1

F = f (y*) dy* = (1 - y*) dy* =
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F + (1 )e+ 1

e+l e+l

F(e+ 1) = 1

Fe = - F

I-F
F

This completes the model of temperature stratification due to tank wall heating in the

equivalent cylindrical tank with no cooling present.

3.3.3 COOLIT Subroutine

During cooldown, cold liquid stratification will occur to the bottom of the tank, and

bulk boiling will occur in the upper warm stratified layer. The bulk boiling near the

top is treated by the liquid ullage coupling model. For a constant cooling tube tempera-

ture Tc and a decreasing mean liquid temperature, TL, the mean wall cooling rate

will decrease with time. Since the cooling model must always result in net cooling

to the liquid, a test must be made to insure this effect. Based upon a unit area of

liquid/tank wall surface area, where h 1 and h = f (Ra) for the free
cw R LW

cw
convection, then the requirement for net liquid cooling would be:

Where T L min = saturation temperature at minimum pressure.

An energy balance on a unit area of liquid tank wall surface area would be as follows,

assuming TL = mean liquid temp in the tank.

hcw W - Tc) = q + hLW(TL - TW), and
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hcw (TL- Tc)-
(TL- T) = w L

(hcw + h )

The free convection heat transfer coefficient hLW is based upon correlations for

constant AT. The actual tank dimensions are used to compute Ra and the tank

cooling:

g* g X 3

Gr = 2 (TL - Tw) = regular Grashof number based upon AT.

CL
Pr = k = liquid Prandtl number.

Ra = Gr Pr = regular Rayleigh number based on AT.

Based upon the Rayleigh number magnitude, the Nusselt number is calculated from the
following:

hLWX 1/3 9
Nu = k = 0. 105 Ra For Ra > 10 (Turbulent)

Nu = 0.59 Ra 1/ 4 For 104< R< 109 (Laminar)

Nu = 5. 90 For Ra< 104 (Viscous and Conduction)

The value of hLW is updated for each computed time step based upon the initial
value of (TL - Tw). Since the wall temperature is not known at the start of the
cooling cycle, the following method is used to estimate it:

1. Set hLW = 0 and estimate first value of (TL Tw)

2. Use this (TL - Tw) to compute Ra, Nu, and hLW.

3. Use this hLW to compute next the value of (TL - Tw).

After this first cooling iteration, the current value of (TL - Tw) is used to predict a
value of hLW for the next time step.
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The energy transferred from the total liquid mass is.

qL = hLW AL (TL - Tw)

This mean drop in temperature of the liquid TL is found from qL

dTL dTL q
CL dt L' hence Cdt CL

ATL = dL (At,) whereAt = compute time step.

This ATL is successively added to the liquid temperature distribution. During cooling,

a deeper layer of liquid at the top will be at saturation temperature T s , which will

have the capacity CSB. For the matrix solution in the liquid-ullage coupling sub-

routine, the average heat rate qSB to this layer must be fixed from the overall cooling

value qL'

CSB

qSB C L

The mean liquid temperature T L is found during heating and cooling in the following

manner. The temperatures of the upper liquid layers, the remaining stratified layer,

and the bulk liquid at the tank bottom are averaged, with respect to capacity, to yield

temperature TL. A running average is kept for this quantity. During cooling the

liquid withdrawn for the cooling tubes is assumed to come from the bottom of the tank

at this mean bulk liquid temperature.

This program computes the liquid and tank geometry only once, at the minium pressure,

during each cycle. As with the conduction model, the liquid capacity is also updated

only at each restart of a pressure cycle.
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3.4 ANALYTICAL PRESSURE HISTORIES

The previously described conduction and convection models have been used to

generate pressure and temperature histories that span the range of tank sizes, orbital

heat fluxes and gravity levels of interest. These are presented to illustrate the in-

fluence of the various parameters.

3.4. 1 Conduction Results

Results are presented for the tanks with the largest and smallest capacity, and for

both 5 percent and 90 percent ullages. Tanks sizes are, respectively: D = 6. 86 M

(22. 5 ft) x L/D =4, and D = 1. 22 M (4 ft) x L/D = 1. The nodal structures are

shown in Figs. 3-11 through 3-14.

Figures 3-15, a through f, show the resulting pressure and temperature histories in

hydrogen for the large tank configuration shown on Fig. 3-11. Figures a through c are

for a heating rate of 3. 15 w/m 2 (1.0 Btu/hr-ft2), and cooling resistances of . 09, . 35,
.88 m20K (0.5, 2.0, and 5.0 hr-ft2 °R

w Btu

Figures d through f are for similar resistances but the heating rate is 0. 1 Btu/hr-ft2

For all the runs, the operating pressure was (15-18 psi).

It can be seen from Fig. 3-15 a through c that the heat exchanger (RCW) does affect the

vent cycle period, and in fact, for the largest resistance (wide tube spacing) the cooling

rates were insufficient to pull the pressure back to the starting pressure (i.e., could

not control).

The liquid node temperatures are referenced to Fig. 3-11. They contain temperatures

along a radius from the wall to the tank centerline and axially from the bottom to the

liquid-ullage interface. They confirm that the changes are limited to the region near the

tank wall. They also indicate that subcooling is more severe for the first cycle. This

appears to be a consequence of the starting condition wherein all vapor is contained in

the ullage. However, part of the initial ullage condenses and vapor is generated along
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L/D = 4.0, 95% LIQUID FILL

TOP

18 58- 10

114 97 85 72 -27
(SURFACE 35 -43

105 3 36

110 2051 1

106 37 59- 44

111 4
15 107 5 21i

5ULLAE 66 98 86 73

112 -38
828

- 108 53- 5 
28

-22
i3- 80 67 '2

54 - 39
93 81 68 4-2360 45

94 82 69 67 99 37 74 ,12
5 -24

55"__ -29

61
56 w -41

95 83 70 8 61,
-25 '-46

100 88 75 113
-30

-42
57 9 62 -47

96 84 71 119 101 89 76 14
31

-26 31

102 63 4

103 77 15

58 104 -32
S-43

LC E 78 4992.
1 92 16

97 85 72 10 65 33

-27
50

17

34

BOTTOM

Fig. 3-11 Conduction Model for Cylindrical Tanks = L/D = 4; 5% Ullage
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39'

35'
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Fig. 3-12 Liquid Node Structure For Conduction Model With a Cylindrical
Tank - L/D = 4; 90% Ullage
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the wall during the first cycle. Some subsurface vapor exists throughout the ensuing

cycles. The subcooling is reflected on the pressure history curves as a lag in the

start of a subsequent rise in pressure following cessation of cooling which occurs as

soon as the pressure drops to minimum level. During this lag time the heat coming

into the tank is going into warming up the subcooled field.

The results shown in Figs. 3-16 a and f are for the same tank with 90 percent ullage.

With 5 percent ullage, the vapor constitutes approximately 0. 1 percent of the total

thermal capacity whereas it represents 17 percent for the large ullage. The time.

period for a vent cycle is indicative of the extent to which energy is being distributed

in the liquid. Uniform distribution would give much longer periods for the small

ullage (large liquid capacitance). However, when the energy exchange is confined to

a small portion of liquid, phase change and compression (or expansion) of the ullage

results in rates of pressure change which are more nearly proportional to the ullage

volume. In this situation larger vent cycle time occurs for the high ullage volume.

The latter situation is found to be the case when the heat flux is 3. 15 w/m 2 (1 Btu/

Hr-Ft2), for which the vent periods Were approximately an order of magnitude greater

with 90 percent ullage than with 5 percent ullage. At the lower heat flux (0. 1 Btu/

Hr-Ft2), the vent cycle is only 20 percent longer for the large ullage. The implication

of this is that non-uniform (stratification and subcooling is less severe at the high

ullage volumes. This is substantiated by the temperature histories.

The temperature histories are shown in Figs. 3-17 and 3-18 for the small tank. The

trends are what one might expect relative to the large tank results. The thermal

oscillations penetrate further into the tank. In particular, notice that at the lower heat

rate, (Figs. 3-17 d through f) even the center most liquid temperature (node 39) is

affected. It continues to warm up for a few hours after the cooling is started until

such time as the tank pressure drops to the point where boiling takes place (on Fig. 17f

this occurs at 59 hours). During the cooldown, subcooling occurs in the three nodes

nearest the wall (nodes 14, 23, and 27). There is also excess cooling of the ullage

vapor which produced a pressure undershoot to 105 n/m 2 (14.6 psi). However, as with

the large tank, the excess cooling was recouped by absorbing additional heat in the

prolonged warmup portion of the next cycle.
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For the purpose of comparison, a few selected cases are shown for oxygen on Figs. 3-19

through 3-22. For the small tank all liquid nodes have essentially the same temperature

history, with 90 percent ullage, indicating a virtual absence of stratification.

The liquid oxygen runs display characteristics similar to those found with hydrogen.

The most noticeable difference is that a higher resistance (wider spacing) heat exchanger

design can be effectively used with oxygen. With hydrogen, a design resistance of

0.88 m2 oK (5 hr-ft2 - oR/Btu) was so high that the heat removal rate was insufficient

to effectively control the tank pressure. With oxygen, the total temperature difference

between the bulk fluid temperature and that of the expanded fluid in the coolant tubes

is 9Ro compared to 4.4Ro for hydrogen. This, coupled with the lower thermal diffusivity

of oxygen indicates that the heat exchanger wall resistance can take on a higher value

for oxygen than for hydrogen before it becomes the limiting factor in pressure control.

The hydrogen data indicated that an order of magnitude decrease in heat flux (from

3 to 0. 3 w/m2) increased the cycle time nearly two orders of magnitude for the 5 per-

cent ullage. A similar effect was obtained with oxygen. The cycle time for liquid

oxygen is approximately 6 to 10 times that for hydrogen with the full tank. The

thermal capacity of LO2 , for a 3 psi control band, is 8. 5 times that for hydrogen.

With the high ullage, the cycle time is increased by a factor of 10 for a similar de-

crease in heat flux. This is consistent with the hydrogen runs.

The venting inefficiency at the end of a cooling period is represented by the amount of

excess mass that was removed from the tank to produce the subcooled condition. This

excess vented mass can be expressed as a percentage of that which would be

vented up to that point in time for a completely mixed propellant; i.e.,

M

wVSC f VL TL dm

VO QT
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where

77 = inefficiency factor

AVSC  = Excess vented propellant
VSC

WVO = Vented propellant for mixed system

M T

CVL Tdm = Amount of subcooling

QT = Total heat input that would produce WVO

Figures 3-23 and 3-24 show this inefficiency factor as a function of time. It decays

exponentially, as one might expect, primarily due to linear increase in the denominator

(QT). It is interesting to note that the effect of RCW tends to converge as time pro-

gresses. This too, is because of the fact that subcooling becomes less important as the

mission proceeds, and consequently, perturbations due to heat exchanger design be-

come second order effects.

Figure 3-25 presents the same data correlated against vent cycle number. This tends

to pull the data for the two heat rates together in spite of the fact that vent period and

frequency differ by two orders of magnitude. This indicates that the performance is

relatively independent of frequency, as long as the design is adequate to provide control

(e.g., if q = 1.0 Btu/hr-ft , RCW 5). Moreover, a space mission requiring this

size tank, and these heat rates would likely be of long duration and require considerably

more than 5 vent cycles which implies that a passive heat exchanger will not result in

a significant weight penalty, even in the absence of convection. Also, it is important

to note that the subcooling penalty is computed at the end of a cooling period and does,

in fact, represent a penalty only if the mission were completed at that time. If the

mission is not completed, the non-vent portion of the next cycle is prolonged by virtue

of the increased thermal capacitance of the subcooled fluid. Thus, the weight penalty

is a discontinuous function which is negated in the pressure rise portion of each pres-

sure cycle. Inasmuch as these conduction-dominated cases represent the most severe
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conditions for operation of a wall-mounted heat exchanger, there is no doubt that this

concept can be effectively used in a thermodynamic vent system for hydrogen and

oxygen propellant tanks that are to spend prolonged period in space. It is also applic-

able to non-cryogenic fluids, but the high vapor pressure cryogens present the most

difficulty in storage and venting during low gravity space flight.

3.4.2 Convection Results

Figures 3-26 through 3-30 illustrate the type of results obtained with the convection

model. These are for a tank that is 22. 5 feet in diamter and 90 feet tall. Figures 3-26

through 3-28 indicate the relative effect of the thermal resistance in the tank wall

(R cw) between cooling tube attachment points.

A large resistance indicates wider spacing between tubes, fewer tubes, and thus lower

heat exchanger weight. As expected, a larger resistance, required a longer time to

pull the pressure down. Also, it can be seen that temperatures within the body of

the liquid tend to decrease throughout the mission, and this subcooling is reduced with

increasing values of R c
cw

Figures 3-29 and 3-30, in conjunction with Fig. 3-27 illustrate that the increased

stratification associated with higher g-levels tends to shorten the pressure cycle as

well as the amount of liquid subcooling. The average cooling flux is shown on Fig. 3-31,

as a function of g-level for a design having a resistance value of R = 0. 17 m 2oK
ft 2 _R cw w

(2 Btu

Also shown is the cooling flux determined with the zero-g conduction model for the

same tank and heat exchanger. The indication is that the latter model is appropriate

below 10 - 6 standard gravities.
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3.5 HEAT EXCHANGER DESIGN MODEL

The conduction and convection models are basically performance analysis tools that

describe the processes in the tank fluids for a given heat exchanger parameter (Rcw).

R is the thermal resistance between the tank wall and the vent fluid in the heatcw
exchanger as illustrated on the sketch below.

1/hi R

T T TL w Tc

The heat exchanger geometry (tube spacing and diameter) must be derived from con-

siderations of conduction in the tank wall and the pressure drop in the coolant tubes.

To be effective, any thermodynamic vent system must be designed to avoid excessive

local heat transfer which might vaporize all of the refrigerant and inhibit effective cool-

ing and depressurization of the ullage. With an active system, such as that developed

in contracts NAS 3-7942 and NAS 3-12033, this is accomplished with use of a mixer in

the propellant. For the tank wall exchanger the tubes will be attached to the tank wall

at discreet points to provide uniform heat extraction over the tank surface. This divides

the tank wall into a large number of fins. Heat is convected or conducted into the tank

wall and then conducted radially to the attachment point. The heat to each attachment

is given by:

Kl(alp)Q = 2 rkt (a vp) K(af) (T - TL)

The total heat rate is:

QT = NQp = (hAs 1) (Tc - TL)

These equations are used to define an effectiveness which is:

Kl(aflp)

N 2 7kt (avp) K0 (aTlp) N Kl( a lp))

s w
As h A K(al (a-
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It can be shown that the Bessel function component of the above expression for the

range of g levels and tank thicknesses of interest in this study is relatively constant

at 0.5; i.e.,

K 1 (avlp)
(a B)(alp) = 0.5 for alp <0.7

0

If the attachment spacing, S , is small compared to the basic dimension of the tank

wall, then one can approximate the tank surface area as NS 2 . Making this approxima-

tion the effectiveness for the externally mounted heat exchanger thus reduces to:

77, = (a/S)2 x 7T

For an internal heat exchanger heat will be transferred to the wall and also directly to

the tubes. If it is assumed that there is no synergistic effects, and assuming that the

tube dimension and tank attachment radius are the same, the effectiveness for an

internal exchanger becomes:

T72 = 7'1 + 2Tr (a/S)

Figure 3-32 gives a graphical comparison of these two mounting arrangements. It indi-

cates that on a theoretical basis, the internal mounting results in fewer tube attachments

for a given effectiveness. Operationally, however, this concept is susceptible to fail-

ures if a leak develops. On Contract NAS 3-12033 leaks developed between the expansion

unit and the heat exchanger which resulted in by passing the former and eliminating the

temperature difference needed for the exchanger to operate. The tank pressure could

not be controlled when that happened. In contrast, a leak in the external system will

result in local degradation of the insulation system but will allow a mission to proceed

at a reduced capability.

The difference between the internal and external effectiveness indicates that most of the

heat is transferred directly to the tubes rather than to the tank wall. This tends to
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negate the purpose of the discreet point attachment concept for assuring uniform

energy extraction.

Figure 3-32 provides a relationship between wall fin effectiveness and the geometry

ratio (a/S) . The effectiveness is also related to the wall resistance R by:

Rcw qL
(TL - Tc)

The average cooling flux, qL , and temperatures were obtained from the computer

results with the zero-gravity model, and the effectiveness computed with the above

equation. Figure 3-33 shows the effectiveness obtained in this manner, using results

for the 4 foot sphere and the large tank (22.5 x 90 feet). The indicated band repre-

sents scatter in the data from one pressure cycle to the other through the course of

mission history. Figure 3-34 is a cross plot from Figures 3-32 and 3-33 to relate Rcw
to the tube radius to spacing ratio.

It might be noted that the intercept (01R ,) on Figure 3-33 corresponds to a heat

flux conducted to the coolant that just equals the imposed heat flux from external

environment. Therefore, any design resistance greater than the intercept value

would result in a net heat into the propellant, even during the cooling portion of a

pressure cycle. There would be a concomitant inability to control the tank pressure.

This, indeed, was the case when the imposed heat flux was 1 Btu/hr-ft2 and the

value of R was 50R-ft2-hr/Btu for the hydrogen tanks.

Rcw is increased by increasing the spacing between attachments. Consequently, the

number of tube coils and tube weight decrease with increasing Rcw, which indicates

the desirability of operating near the intercept value and the attendant continuous

venting mode.

In reality, continuous operation is impractical with a passive system because it does

not provide any flexibility to accommodate changes in the environmental heating. For

example, if a system is designed to maintain continuous, constant pressure with a
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nominal heat flux, it will lose control if the actual heating during any portion of the

mission is higher than the nominal value. Consequently, one will design for con-

tinuous operation at the highest potential heat flux and except intermittant operation

at nominal anticipated values.

Another consideration in selecting a design is the practical limitation of other com-

ponents in the thermodynamic vent system (i. e., expansion unit and flow control

values). During the conduct of NAS 3-7942 it was estimated that design flow rates

below 1 pound per hour were not realistic from the standpoint of automatic operation.

To flow continuously at this rate corresponds to an effective heat rate of 190 Btu/hr.

Thus, for an actual heating flux of 3. 15 w/m 2 (1 Btu/hr-ft 2 ), continuous venting would

be practical only for tanks having greater than 190 sq. feet of surface area. Conversely,

continuous venting (effectively) of smaller tanks would be realistic only if the actual

heating flux were greater than 3.15 w/m 2 . Figure 3-35 incorporates these consider-

ations into a relationship between maximum R and minimum tank surface area forcw
which continuous operation might be feasible. For a given tank, the value of Rcw max

obtained from Fig. 3-35 can be compared to the intercept value on Fig. 3-33 at the

appropriate heat flux.

The smaller of the two values of R is the appropriate design value. For example,

the surface area of the 1.2 meter (4 ft) sphere is 4. 7 m 2 (50 sq. feet). From Fig. 3-35

R max is 0. 17. If the maximum anticipated heat flux is 3. 15, then Fig. 3-33 gives

an intercept value of 0. 6 . Thus, R = 0. 17 is appropriate design value and the

system would operate intermittently for a heat flux of 3.15 w/m 2 (1 Btu/hr-ft2 )

Figure 3-34 provides the correlation between R and a/S . The ratio between tubecw
weight and tank membrane weight can be expressed as:

W t  Pt x 2 r aStt ttW 2  2 7 - (a/S) -
s P xS t s x
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This weight ratio is shown in Fig. 3-36, for aluminum tubing on aluminum tanks.

The magnitude of the heat exchanger tubing weight is given on Fig. 3-37 for specific

tanks. The tube wall thickness used for Fig. 3-37 was 6 mils.

We must look to the pressure drop to actually size the tube. The pressure drop is

comprised of three elements: That due to friction; due to gravity; and that due to

acceleration when the fluid is being vaporized. The expression which describes the

pressure drop from inlet to exit of the tube is derived in Appendix B. It is:

fl Gv G2 Ve d1 x g/g sin 0
+X -] + -1 +

4 A g v1 c d Ve 1 + X (v g/v 1 - 1)
1 2 G2  dv

+ X gc dP

The solution can only be obtained by repeated iterations for specific mass fluxes and

assumed geometries. However, the bracketed quantity in the denominator is the

square of the Mach number in the vapor and must be less than 1 for a constant diam-

eter tube to avoid choking. This fact can be used to estimate the absolute minimum

tube size to be considered for a given tank. This would constitute a logical starting

point for iteration on the complete solution in a very specific application.

Since the mass flux is the vent rate, divided by the tube flow area, and the vent rate

is determined by the thermal design parameters, one can derive the following ex-

pression for the tube radius.

a (TL- Tc) (1 - 77) 1/2

S G 7TA Rs cw

When G is large enough to choke at the exit, the tube radius is the minimum possible.

The larger the pressure expansion between the tank and the heat exchanger inlet, the

larger will be the temperature differential, but the smaller will be the possible pres-

sure drop and mass flux. Assuming the expansion to 4 psi, which is the same as that
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used for the active system in contract NAS 3-7942, one obtains the relationship be-

tween the normalized tube radius (normalized with tank surface area) and the tank

wall design resistance that is shown on Fig. 3-38. For a given tank, the minimum

tube spacing and radius can then be determined as shown on Figure 3-39.
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Section 4

EXPERIMENTAL PROGRAM

This test program was designed to provide data needed to verify or modify the analytical

models. Basically, this required determination of cooling rates, temperature dis-

tributions, and pressure responses with various input conditions selected to simulate

a range of low gravity environments.

Testing was performed with three non-cryogenic and two cryogenic fluids to cover

approximately a four decade range in Rayleigh number. Both a cylindrical and a

spherical test apparatus were used and tests were conducted at various ullage volumes

to determine the extent to which performance is effected by geometry. This section

of the report contains a description of the test apparatus; instrumentation, conditions,

procedures and results.

4.1 NON-CRYOGENIC TESTS

The three fluids used for these tests were: Freon-ll; water; and 30 weight motor oil.

The fluid properties give approximately 3 orders of magnitude variation in Rayleigh

number. An attempt was made to extend the range by packing polyethelene spheres in

the tanks. Several papers (e. g., Ref. 14) have shown that the onset of convection can

be retarded by introducing a porous media, for which the effective Rayleigh number is

defined as:

Raef =Ra 
3  (d/L)2Ra Ra 150(1E)

where: Ra0 is the basic fluid Rayleigh

e is media porosity (0. 476 for packed spheres)

d is diameter of packing spheres

L is height of sphere packing
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Both 3/4 and 1-1/2 inch diameter polyethelene spheres were used. Table 4-1 indicates

the range of Rayleigh Nos. that were anticipated with these fluids, two tanks, and two

porous media sizes.

Table 4-1

ESTIMATED RAYLEIGH NOS. FOR COOLING

Tank - Cylinder Sphere

Fluid - Water Oil Freon Freon

Size

None 2x1010 2x10 8  5x1011 6x1011

3/4 5x10 4  4x10 2  2x10 6  2x10 6

1-1/2 2x10 5  2x10 3  6x10 6  7x10 6

Table 4-2 presents the matrix of test configurations that were included in these non-

cryogenic tests.

Table 4-2

NON-CRYOGENIC TEST MATRIX

Tank - Cylinder Sphere

Fluid -- Water Oil Freon Freon

Media
Size

None 1,2,3 1,2,3 1,2,3,4 1,2, 4

3/4 1,2,3 1,2

1-1/2 1,2,3 1,2,3,4 1,2,4

(a) Numbers in the matrix columns refer to the follow-
ing ullage configurations

1 -5% ullage, Flat Interface
2 -10% ullage, Flat Interface
3 10% ullage, Spherical Interface
4 50% ullage, Flat Interface
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4.1. 1 Non-Cryogenic Apparatus

The two test articles employed in these tests are shown in Fig. 4-1 and 4-2. The

first is a right circular cylinder made from 12 inch stainless pipe. The wall thickness

is 0. 156 inches. The heat exchanger is made from 1/2 inch copper tubing. It con-

sists of 7 coils attached to the tank with clips equally spaced at 3.5 inches. A nichrome

wire heater is uniformly positioned between the heat exchanger coils to rapidly heat

up the tank contents.

As illustrated in Fig. 4-1, the cylindrical apparatus had an 8 inch diameter aluminum

sphere installed for part of the tests to simulate a submerged ullage bubble which was

cooled indirectly by the heat exchanger. This sphere constituted 10 percent of the tank

volume. The bubble had a neck made from 1/4 inch tubing which penetrated the flange

cover in the top of the tank. This neck provided the physical support for the sphere

and the fluid connection between it and the main tank. An isolation valve (IV01) was

placed in the connecting line between the two tanks so that they could be filled with

a common fill line and drained individually. For a spherical ullage simulation the

tank was filled to the top. Drain valve DV01 was then opened, and when the sphere

was empty, the isolation valve IV01 and DVO1 were then closed to lockup the gas

pocket. For flat ullage tests, the isolation valve was left open and the prescribed

quantity of liquid was drained from the main tank through DV02.

The major element of the spherical test apparatus is a 22.5 inch diameter hydrogen

tank that had been previously developed for an ID program. It was made from 2219

aluminum with a nominal membrane thickness of 0. 019 inches. It had a 4 inch diam-

eter opening with a mating, conoseal access cover. This prohibited the use of the

8 inch spherical ullage in this tank.

The heat exchanger consisted of 9 coils uniformly spaced, and attached to the tank at

3.4 inch intervals. This provided approximately the same thermal resistance as for

the cylindrical apparatus.

Figure 4-3 is a schematic illustration of the test set-up for these non-cryogenic tests.

The entire test apparats was placed in an insulated box to minimize heating from the

4-3

LOCKHEED MISSILES & SPACE COMPANY



Isolation --- I Main Tank
Valve /Vent (Tr01) 12 in. Dia.x

(IVl) 0.156 wall
Coolant I Stainless Pipe
Cut

i A. Sph e

O (I I Nichrome Wire

T Hea te

y 3.5 " Typ.

0 i Coolant
m In

9 Tank Drain(DIO2) HEAT EXCHANGER

Z -- Fill Valve
Temperature
Pressure (-

-U-

Drain Valve(DVOl)
(a) Schematic (b) Hardware

Figure h-1 Non-Cryogenic Cylindrical Test Apparatus



Coolant
Out Vent Valve

1/2 in. Cu.
Tube

22 In. Dia.
x 0.019 wall

0

0 T

Drain Valve

Temperature measurement
Pressure measurement

(a) Schematic (b) Hardware

Figure h-2 Spherical Test Apparatus



T I FLCOW ITETER [3YPASS LINE

SHT OFF "ALE S SI-2L

0701
SVOO1

0

I- INSULATICN

0m FACILITY AIR
rI CONDITIONER

r
U)

TTEST

0 LIQUjID
0 SUP LY
K - ICE BA TH

DrO I II DV02

O SIGNIFIES TEL~.EATURE E IEASUEME .1

Fig. 4-3 Non-Cryogenic Test Diagram



external environment. The insulation also supported the test tanks. As illustrated,

the heat sink (simulating vent fluid in the heat exchanger) was provided by water

flowing in a recirculation loop through an air conditioning unit. The controller on

this air conditioner permitted coolant temperature cycling between 40 and 48 degrees.

This temperature was lowered and the variation was reduced by routing the coolant

water through approximately 35 feet of copper tubing that was immersed in an ice bath.

The location of the temperature and pressure measurements are shown to scale on

Figs. 4-1 and 4-2. The tank wall was instrumented to give a temperature profile be-

tween tube attachment points at two locations. A single temperature was also obtained

between the other tube coils to give a measure of the variation from bottom to top of

the tank. Liquid temperatures were measured at several points to give a good defini-

tion of the profile and for establishment of the average temperature differential history

during the cooldown. Table 4-3 is a listing of the instrumentation for these non-

cryogenic tests. Figure 4-4 is a photograph of the internal instrument probe.

Table 4-3

NON-CRYOGENIC INSTRUMENTATION

Item Type Range of Elevation No. of Elevation
Measures (inches) Measures

Cylinder Sphere

Ullage C. E. C. 0-25 psia 1 23 1 22
Pressure

Internal PRT Ch-Cn 30-540 F 1. 1 1 1
Fluid Differential 0-300F 7 5, 10, 11 7 5, 10, 9, 11
Temp. Thermocouple 12, 16, 19, 18, 19, 20

20

Wall Temp Cu-Cu 0-30oF 10 1,2, 3, 8 .5,1,1.3,
Thermocouples 6.5, 10, 3.2, 6, 9, 16

13.5,17, 19,20,21
20,21,22

Coolant PRT 30-5400 F 1 - 1 -
Temp In

Coolant PRT 30-5400F 1 - 1
Temp
Out

Coolant Turbine Flow 0-4 gpm 1 - 1 -

Flow Meter
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4. 1. 2 Non-Cryogenic Test/Procedures

Prior to conducting any tests, functional checks were made on all instrumentation,

heaters, etc. The test article was slowly filled with liquid. A prescribed quantity

of liquid was then drained from the tank to set up the desired ullage configuration.

A typical sequence of operations is as follows:

(1) Apply a uniform heat rate until the temperature in the top of the tank

increases 100F.

(2) Record temperatures and heat rates until the desired temperature rise is

achieved.

(3) Initiate coolant flow at approximately 1/2 gpm and record all temperatures
as function of time until surface temperature returns to original value.

(4) Drain the tank to the next leveland repeat steps (1) through (3).

4.2 CRYOGENIC TESTS

The cryogenic tests were conducted in the 22 inch diameter sphere, using both liquid

nitrogen and hydrogen. These fluids extend the Rayleigh No. range another order of

magnitude. However, because of their very high vapor pressure they allow a meas-

urable pressure response which provides the best indication of mass and energy trans-

ger at the interface, as well as providing a check on the validity of the pressure

control model.

For the non-cryogenic tests, the coolant in the heat exchanger was supplied from an

external, controlled temperature water supply. The cryogenic tests, were intended

to demonstrate the automatic control characteristics of a tank wall heat exchanger

system. Tank fluid was extracted, and expanded across a Joule-Thompson device

to give a temperature drop. This subcooled fluid was then vented through the heat

exchanger to cool the tank contents. The approximate Rayleigh Numbers that were

anticipated for the cryogenic tests are shown in Table 4-4. It was intended to include

the 1-1/2 inch polyethelene sphere media. However, the non-cryogenic tests proved

conclusively that this media did not significantly reduce the strength of the convention

boundary layer. Thus, the porous media tests were not conducted with cryogens.
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Table 4-4

ANTICIPATED COOLING RAYLEIGH NUMBERS - CRYOGENIC

CRYOGEN LN 2  LH 2

Ullage - % 15 50 15 50

Rayleigh No. 1012 3 x 1011 2 x 1012 7 x 1011

4.2.1 Cryogenic Test Apparatus

The cryogenic test apparatus is the same as the spherical article described above,

with one minor change. Whereas for the non-cryogenic tests the coolant was supplied

by the external loop, for these tests it was extracted directly from the tank. There-

fore, the coolant inlet was connected to the Joule Thompson valve as illustrated in

Fig. 4-5.

The apparatus was installed in the vacuum.chamber as shown in Fig. 4-6. In as much

as the cryogen had to be expanded to less than 1/2 an atmosphere to get sufficient tem-

perature differential, a vacuum pump was used downstream of the heat exchanger to

suck the vent fluid through. Vent fluid flow was measured with a Hastings cryogenic

thermal mass meter. The quality of the vent fluid was determined indirectly by use of

a calibrated heater in the vent line downstream of the heat exchanger. This heater

was used to bring the vent fluid to a superheated condition. The exit quality was then

calculated from measured power, flow rate, and temperature rise across the heater.

The instrumentation for the cryogenic tests will be the same as previously described

for the sphere in the Task II tests, except for the flow measurement device. The

Hastings thermal mass meter, which has a range of 0 to 2 pounds per hour of

hydrogen, was used to measure the flow rate through the tank wall heat exchanger.

A Rosemount thermal mass meter located in the tank vent line was used for boiloff

determination.
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4.2.2 Cryogenic Test Procedures

The cryogenic tests were conducted using the pressure switch that was used with the

active LIQUID PROPELLANT THERMAL CONDITIONING SYSTEM (Contract NAS

3-12033). A typical sequence of operations is as follows:

(1) Install test article as per Fig. 4-5.

(2) Evacuate chamber and test apparatus.

(3) Open facility shutoff valve and initiate fill until liquid level is at 5% ullage.

(4) Allow tank pressure to stabilize and determine equilibrium heat rate.

(5) Place system on automatic operation with the heat exchanger system.

(6) Record all temperatures and pressures and vent flow rate at prescribed
intervals during the cooldown portion of a pressure cycle.

(7) Record temperatures and pressure at prescribed intervals during the
pressure rise portion on the cycle.

(8) Drain the liquid level to the next ullage point and repeat steps (4) through
(7).

(9) When all three ullage volumes have been completed with LN 2 , drain and
evacuate the test article. Then repeat steps (3) through (8) with LH2
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4.3 TEST RESULTS AND ANALYSIS

4.3.1 Discussion of Results

A summary of all the test conditions is presented in Table 4-5. The initial liquid

temperature shown is the average of the measurements in the liquid at the start of

cooling. The coolant temperature is the average between the heat exchanger inlet and

outlet values. The heat flux was determined from the heater power measurements for

the cylindrical tank and from boiloff measurements for the cryogenic tests.

The temperature histories presented in Figs. 4-7 through 4-23 illustrate the typical

performance of the tank wall heat exchanger, as affected by the various geometrical

and fluid property factors. Figure 4-7 is for spherical tank with the liquid (Freon-1l)

level.at 48.3 cm (19 in.). The tank was locked up and allowed to stratify before the

coolant was turned on at 46,800 sec. Both the fluid and tank wall temperatures re-

sponded very quickly, although those nearest the bottom and the top of the tank have the

fastest response. At the end of the lockup period, there was approximately 1. 7K

(3 OR) stratification in the liquid, and an additional 1.7 0K (30R) in the ullage. At the

end of the cooldown period the spread had increased to 3.6 and 5.6°K (6.5 and 100 R)

respectively. The mean cooling coefficient between liquid and wall was approximately

15% below the theoretical value for the mean Rayleigh Number of 3.15 x 1010 which

would result in a slower pressure response than that predicted by the model. This was

computed on the basis of experimental mean temperature differences, with boundary

layer run length as the characteristic dimension.

Figure 4-8 is for the sphere with a 50% ullage. The same general response is noted;

i.e., the temperatures near the top and bottom drop off faster initially than those in

the center of the tank. The experimental cooling coefficient is approximately 65% lower

than the theoretical value based on boundary layer run length. However, if liquid

height is used in the Rayleigh number, the discrepancy is reduced to 35%.

A comparison between Figs. 4-9 and 4-7 show the influence of the polyethelene

spheres which were put into the tank to retard convection. However, the reverse
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Table 4-5

TEST SUMMARY

Initial Temperature Coolant Temperature Heat Flux

Test No. Apparatus Fluid % Ullage Porous Matrix W/m
2 

(Btu/Hr)
KA-ICF Sphere F-11 5 None 288 (519R) 278K (R) 5.4 (1.7)

A-ICF Sphere F-11 5 None 288 (519) 278 (500) 5.4 (1.7)

A-2 Sphere F-11 5 None 288 (519) 278 (497) 5.4 (1.7)

A-2 Sphere F-11 15 None 292 (526) 278 (499) 5.4 (1.7)

A-3 Sphere F-il 50 None 293 (528) 277 (498) 5.4 (1.7)

A-4 Sphere F-11 5 3.8 cm (1.5) 293 (528) 277 (498) 3.2 (1.0)

A-5 Sphere F-11 15 3.8 cm (1.5) 283 (510) 282 (507) 6.4 (2.0)

A-6 Sphere F-11 50 3.8 cm (1.5) 284 (511) 279 (503) 5.4 (1.7)

B-1 Cylinder H20 10 (Sphere) None 277 (498) 275 (495) 178 (56)

B-2 Cylinder H20 15 None 277 (499) 276 (497)

B-3 Cylinder H20 5 None 278 (501) 275 (495) 178 (56)

B-4 Cylinder H20 50 None

B-5 Cylinder F-11 10 (Sphere) None 279 (503) 276 (497) 165 (54)

B-6 Cylinder F-11 5 None - -

B-7 Cylinder F-11 15 None 278 (501) 274 (494) 165 (54)

B-8 Cylinder F-11 50 None 277 (499) 274 (493) 86 (27)

B-9 Cylinder F-11 10 (Sphere) 1.9 cm (0.75) 279 (503) 276 (498) 174 (55)

B-10 Cylinder F-11 5 1.9 cm (0.75) 277 (499) 274 (494) (156) (49)

B-11 Cylinder F-11 15 1.9 cm (0.75) 280 (504) 275 (495) 344 (109)

B-12 Cylinder F-11 50 1.9 cm (0.75) 277 (499) 275 (494) 344 (109)

B-13 Cylinder H20 10 (Sphere) 3.8 cm (1.5) 279 (502) 275 (494) 344 (109)

B-14 Cylinder H20 5 3.8 cm (1.5) 277 (499) 276 (497) 344 (109)

B-15 Cylinder H20 15 3.8 cm (1.5) 275 (494) 275 (494) 330 (105)

B-16 Cylinder F-11 10 (Sphere) 3.8 cm (1.5) 275 (496) 275 (496) 330 (105)

B-17 Cylinder F-11 5 3.8 cm (1.5) 280 (504) 278 (501) 340 (108)

B-18 Cylinder F-11 15 3.8 cm (1.5) 280 (504) 277 (499) 340 (108)

B-19 Cylinder F-11 50 3.8 cm (1.5) 284 (511) 277 (499) 340 (108)

B-20 Cylinder F-11 15 1.9 cm (0.75) - - -

B-21 Cylinder F-11 10 (Sphere) 1.9 cm (0.75) 285 (513) 278 (501) 338 (107)

B-22 Cylinder F-11 15 1.9 cm (0.75) 284 (511) 278 (501) 338 (107)

B-23 Cylinder Oil 10 (Sphere) 1.9 cm (0.75) 279 (502) 278 (500) 338 (107)

B-24 Cylinder Oil 5 1. 9 cm (0.75) 281 (506) 278 (500) 340 (108)

B-25 Cylinder Oil 15 1.9 cm (0.75) 283 (510) 278 (501) 338 (107)

B-26 Cylinder Oil 10 (Sphere) None 283 (510) 278 (501) 338 (107)

B-27 Cylinder Oil 5 None 283 (509) 278 (500) 338 (107)

B-28 Cylinder Oil 15 None 282 (508) 277 (499) 338 (107)

B-29 Cylinder F-11 10 (Sphere) None 284 (511) 277 (498) 338 (107)

B-30 Cylinder F-11 5 None 284 (510) 276 (496) 338 (107)

B-31 Cylinder F-11 10 None 284 (511) 277 (498) 338 (107)

C-1 Sphere LN2 15 None 79.9 (143) 65.5 (118) 30.6 (9.7)

C-2 Sphere LN2  50 None 78.8 (142) 65.0 (117) 30.6 (9.7)

C-la Sphere LN 2  15 None 76.2 (141) 65.5 (118) 30.6 (9.7)

C-3 Sphere LH2 15 None 19.8 (35.6) 17.7 (31.9) 21.4 (6.8)

C-3a Sphere LH2  15 None 20.6 (37.0) 18.8 (33.9) 21.4 (6.8)

C-4 Sphere LH 2  50 None 20.2 (36.4) 18.0 (32.4) 21.4 (6.8)
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appears to be the case. The cooling rates and film coefficients were actually higher

with the porous media. The theoretical porosity of this media is 0.476 and the pore

size is the same order as the boundary layer thickness. Consequently, the media may

have increased the turbulence rather than inhibit growth of the boundary layer. The

average film coefficient for this run was 15% higher than the thoretical value, computed

without regard to the media.

Figure 4-10 is for water in the cylindrical test apparatus. In Test B-3, the mean

coolant temperature was approximately 274K (493R) until 42,000 sec reaching 282 0K

(507 0 F) at 52,000 sec when the test was discontinued. Figure 4-11 shows the wall

temperatures reversing their trend at approximately 42, 000, and leading the reverse

in the liquid temperatures, as the mode goes from cooling to heating. The cooling

rate decreased from 17.3 to 10.3 W (59 to 35 Btu/hr) before the coolant temperature

excursion started a heating trend. The average Rayleigh Number for this test was

computed to be 2.5 x 108 which is in the laminar regime. The average cooling coef-

ficient was 28% higher than the theoretical laminar value.

Figure 4-12 is for essentially the same conditions as for Fig. 4-10 except that the test

fluid is oil. The Rayleigh Number for this run was approximately two orders of magni-

tude lower than for Test B-3. However, it is obvious that the heat exchanger is still

effective.

A comparison between Tests B-5 and B-9 (Figs. 4-13 and 4-14) indicate that the 3/4-in.

media apparently did not reduce the convection as planned. Indeed, the cooling rate for

Test B-9 was between 46 and 34 W (160 and 116 Btu/hr) with a coolant temperature of

approximately 273 0K (507 0 R). Pressure was decreasing at approximately 0.35 psi per

hour. For Test B-5 the cooling rate was between 28 and 11 W (96 and 37 Btu/hr) and

the rate of pressure change was 0. 18 psi per hour. The average coolant temperature

was 276 0K (496 0 R) for this test. Test B-16 (Fig. 4-15) used the 1-1/2-in. media and

it confirms the fact that low gravity convection was not simulated. The cooling rate

varied from 25 to 6.1 W (86 Btu/hr to 21 Btu/hr) with the same coolant temperature

as for Test B-9. The lower rates are due to the fact that the tank contents are approxi-

mately 60 K (10 0 R) lower than for Test B-9.
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Further confirmation of the ineffectiveness of the media is reflected in Figs. 4-16 and

4-17. The difference between them is in the ullage configuration which has an insig-

nificant effect on the energy distribution. Moreover, when compared to Fig. 4-12, one

notes similar temperature response with and without the media.

Figures 4-18 and 4-19 primarily illustrate the influence of ullage volume on the per-

formance of the tank wall heat exchanger. The heat flux for Test B-7 is twice that for

B-8, but the rate of temperature rise is three times as high and the rates of pressure

rise are nearly identical. This indicates that the vaporization rates at the interface

are higher for the large ullage during self-pressurization. However, once the heat

exchanger was turned on, both the temperature and pressure responses were nearly

the same. Figure 4-20 is directly comparable to 4-19 with the addition of the 3/4-in.

media. Once again it reveals no marked effect on performance.

Figures 4-21 and 4-22 show temperature histories for liquid hydrogen with 15 and 50%

ullage, respectively. It is apparent that the heat exchanger was not keeping up with the

incoming heat. The heat rate into the hydrogen tank was determined to be 2.2 W/m 2

(6.8 Btu/hr-ft ), which was too high for this heat exchanger design. The maximum heat

rate that a tank wall heat exchanger can handle is given by:

qmax R (TB- TC)
cw

where ( TB - TC) is the mean difference between the bulk fluid and the coolant.

For the hydrogen runs, this is the temperature drop across the expansion valve which

was 4.4 0K (80 R) for these tests. The mean value of the tank wall resistance was de-

termined to be 0.57 oK-m2/W (0.4 oR-ft 2 -hr/Btu). Taking into account the reduction

in thermal conductivity of the 2021 aluminum, the corresponding resistance at liquid

hydrogen temperatures is 4.85 OK - M2/W (3.4 OR-ft2-hr/Btu).
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Consequently, the absolute maximum heat flux to the hydrogen that could be accom-

modated is:

q = 4.44/4.85 = 0.9 W/m 2 (0.28 Btu/hr-ft2 )

which is less than half the experimental value. The pressure histories for these hydro-

gen tests are shown in Fig. 4-23.

4.3.2 Comparison With Analytical Convection Model

In the development of the analytical model, it was assumed that the film coefficients

between the liquid and the tank wall were given by the conventional correlations for

vertical flat plate. Example:

hL- C(Ra) nk a

where:

C = 0.1
C = 0 1 for Ra > 10 8

n = 1/3

C = 0.54 for R a < 108
n = 1/4 a

In addition, it was assumed that the fluid stratifies when heated, such that the surface

temperature rise (which establishes the pressure) is given by:

T s - To 2(Xc/R) PH

qw ( Xc/R) F Pr (A/Xc)

The temperature at any location X is given by:

4-18

LOCKHEED MISSILES & SPACE COMPANY, INC.



290

5 2 .... V

_ 0 0

m

m16 486-. -A 7 inc ±.

E .l(-in'

S) 286 -A 212.

28 4 _ .. .... .... .

oL_____o 510

2!IHeat Exchanger Activated- 5o8 .- hLt Ii-

30 32 3 6 0 6 8 50 2

DYVEC TIF - 1000 Seconds

Fig. 4-7 Fluid Temperature Histories for Test A-i, Test Tank-Sphere, Test Fluid-F-11, Ullage

Volume 5%

r7

i ~-~5 )630 32 34 3 3 4 2 4 6 8 50 52 5
)_ECTTII 00 Scod

Fig 4- FlidTemeraur HitoresforTes A1, estTak-Sher, estFlud--11 Ulag
5, - :tVolume 5%~



.. I.LL -j...

i---~- Of- 12"'7 hli,.,, i

300 540 I• Ii

o L<K1 . i 0 K O n

5120

5il

-. 7--I

285::si 4.. ...... i."

290 e: L V

. 0- . * : .1

". "ii

i :i : :" ; ;

I:- i- L.

:~':'- i .......t:i

280

c [ I__n_ . _______ .

500,, :: i, C- i : i....

36 38 4o 42 44 h6 48 5Q 52 5
DYHC PI\E - 1C0 Seconds

Fig. 4-8 Fluid Temperature Histories for Test A-3, Test Tank-Sphere, Test Fluid-
F-11, Ullage Volume 50%

4-20

LOCKHEED MISSILES & SPACE COMPANY. INC.



525

2900

520 I 4±; iJI

It,

i- 7; ii 1'
;1 ~~~~ ~~ :1 Iti :~l~t~:

0 0 T_ 1

;T.-

5e S

LOKHE ISSLE &~~ii SPACEi COMPANY INC

--- --- --- ---

505i

3o 40 50 6oi.i~l
Dyme Tie 10 Seond

Fi.4- lidT mertr Hsoie o Ts -

I ;: - 4 -21

LOKHE MSILS PAECOPAY IC



r

5007

II
m1 27

28o- 50o2. ....

m

--

M 275- '&:6.2* (oo J. .iii~iI L ... ... r. 1'

, , 501

n 278-

"UU

Q

"U $1 74~t

1499 -____________1 ---
2-7 -

79- 498

28 30 32 314 36 38 h0 ! 2 41 1648 50 5

Dyme~c Time -l0 3 Secoonds

Fig. 4-10 Liquid Temperature Histories, Test B-3

> 
i, i, jz) ~~;j

)t97' ~
m ~276-i i

i: -i i ,l

Fig. 410 Liqid Temeratur Histoies, Tst B-



285

510I- QA. A cm i:

i 
r - ,. I (1..)

F 84 280 t v

I

m O

0

> -28o --

m 17F
U) . 'A

275 l ri

.re .z . - .'S.e co .s

Fig. 4-11 Wall Temperature Histories, Test B-3



300 4 S -o .

I .... ... .
If-H IIIIII - - -

535
No. Distance From Botto 4

1 50.8 cm(20 inches)

295 2 40.6 cm(16 inches)
3295 3 30.5 cm(12 inches)

4 12.9 cm(5 inches)
5 2.54 cm(l inch )H,

Notes:

525 (1) No Matrix in6Tank
(2) GRH 8 x 10 For Heating ::

290 .

20 I :

515-+

285

510

505
280

it ~ it::-- -

500

0 2000 4000 6000 8000 10000 120 14 16000 18000 20000 22000 24000 26000

TIME FROM START OF TEST - conds

Fig. 4-12 Fluid Temperature IsoisfrT t
B-27, Test Fluid-Oil, Test Tank -

Cylinder, Ullage Volume-5%

4-25

lbiDNG PAGE BLANK NOT FILME

ii 'Im iG



285

V FJ- Eev'ation
OP.

r ' ,5'51o
::::;4. _ _ _ :.:~IIt

-i- 0t

S5o5

mE E

0 5000

"to00.

Z

-U

275 h95 ________________
32 3)3 36 38 )-o 2 44 46 48 50 52 54

Dymec Tie 103 Seconds

Fig. 4-13 Liquid Temperature Histories, Test B-5; Fluid-F-11; 10% Spherical Ullage;No porous Media



285

0

I -r

210 2
_ _ -

o 500

00 0/

15 45 46 L0 48 49 5o 51 52 53 54
Dymec Time - 103 Seconds

Fig. 4-14 Liquid Temperature Histories, Test -9; Fluid-F-11; 10% Spherical Ullage; 3/4-In. Media

L6 )1 h920P2C
Dynec: Time Second

Fig.~~~~ 4-4Lqi eprtr itre etB9FudF1 0 peia lae34I ei



Elevation

S2.5 cm (
- 112.7 cm (5)

O 28o 30.5 cm (12 ')iIi'

A\. . . .50.8 c (20 ..

278 0

.276 *

o 45

Z 0 2 7 6 Vi
o9

32 34 36 38 ho 42 44 46 48
Dymec Time -103 Seconds

Fig. 4-15 Liquid Temperature Histories, Test B-16; Fluid F-11; 10% Spherical Ullage; 1-1/2-In. Porous
Media



300 5 4ho

No. Distance From Bottom

1 50.8 cm (20 inches)
2 40.6 cm (16 inches) : ,
3 30,5 cm (12 inches) . ..

295 4 12.9 cm ( 5 inches)
530 5 2.54 cm ( inch )

Notes:
0 (1).0.75" Polygthelene Matrix -

535 (2) GrH 
= 
8x10O for Heating

I: I IT! ""
-290

r 520

515
....I , , I I L I. .

285 L "

510

505
280 *

Soo

0 2000 4000 6000 8000 10000 12000 1400 100 100 200 200 200 200

I, .... 1p

TIE FROM~ STAiRT OF TE"T-' Secnd

Fig.J 4-16 Liquid Temperature Histories for Test

B-23, Test Fluid-oil, Test Tank-
Cylinder, Ullage Volume 10 Spherical

PREEINGPAGE BLAN NOT 4-31

I I IT I I l 1 . I 1 1

2 8 0• 1- 1 1 t I TI

ItI

TIDE FRO OF TEST Second ,
II STARTii l

TFig 4ROM Liquid OFeTpST-aSecond

B-23, Test Fluid-oil, Ts ak
Cylinder, Ullage Volumi 0 peia

PRECEDING 'PAGE BIANK NOT FU"E 43



300 5 4ce

530

525
... ... . .

290-

285Q

50

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26

TIME FROM START OF TEST - Seconds

Fig. 4-17 Fluid Temperature Histories for Test
B-24, Test Fluid-Oil, Test Tank-
Cylinder, Ullage Volume 5% Flat

PREGEDING PAGE BLANK NOT, FWMW

.,ii i~i 4. 33



(284)

510--
eO1 -

S 282- a
m Hi

UW

_280-

278,

5 00 0_

30 32 34 36 38 40 42 4" 46 48 50 52 54

D'fE, TI TE - 1000 Seconds

Fig. 4-18 Fluid Temperature Histories for Test B-8, Test Fluid - F-11, Test Tank - Cylinder,Ullage Volume 50%, No Internal Porous Media

(r( ~ ~~ ~ Ix.i-- i~i, o' r
30 32 3( hO: i h2h 8 c

aDI~ TPI 100 Seconds~rii~i

Fi.41 lidTmeaue itre orTs -,TetFud-F-i etTnk- ln,
Ullge olme 0% NoIntrnl Pros Mdi



::V 7

512 '0 .; 54:'
2ii Cm 4 ine s

28L c i
ri K 30.5 cmt 12i in~bes' .).-.'

o 510

I t

nia. Ii ___ 'I _ _ t
m0

m 5o6 A
F

:: 282i- "

5o- V5.-S ~ .o 502 i ;~~::

280f ij j

~278-

O~:i

-ci 502

H-498 
. ..

- 4961 Vw ~ ~L__27 82 W 16 14 5o 52 5

X

50D0.'EC TIME - 1000 Seconds

Fig. 4-19 Liquid Temperature Histories for Test B-7, Test Fluid-F-, 11 st Tank -Cylinder,
Ullage Volume 15%, No Internal Porous Media

(n - -- - -- - -- -

tic 42 44 6 4 50 52 1

DY 11E 11DE 1000 econd

Fi .4 19 L q id T m er t r is o i s o es - , e tF ui - -1, M tTa k -Cyid r
UllgeVoum 1%,NoIneralPoou Mdi



300 5 0 +

295 -
530

525:

290 -

I L L I I I I, , , II ...I .

520

Slo

4) 1I r, I I VI

I280 - 1 4

.. 
.. .Ii.--ii.. .4

Soo 

II

C 2000 4000 8000 8000 10000 12000 14 100 16000 18000 20000 22000 24000 28000
TIME FROM START OF TEST - Stod

Fig. 4-20 Liquid Temperature Histories for Test

53D 
II II H i fiII L 1 1

B-22, Test Fluid - F-, Test Tank -

Cylinder, Ullage Volume 10% Spherical

4-37

--- IIIII 4+-H --

i i i i'o 
5l

286, 
, , ,

4T++,
500 -i HE - -Af

0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i 2000 400 60r00 10010014)010010020020

TIMEr FRO STAR OFTET...~o

Fig. 4-0LqudTmertr

B-22 Tes Flui -

Cyiner Ulag Vo .



52 7- h ' --- __---------

~ K Elev a. ____

-I~qp- k~~~ -J-. - - -
0 -1 f217- 9_

M 4 * 1Cci p)'ed Aveirage!S26-

U) 4 -j

~44

- * -----

0 LLO
T 22

< .38

n rn-.

20 36

40 4 42 43-4

Mm ETIE 000 Seo

Fig yoecnTest

Fg 42 TiiT

C)~ ~--i Iij ~ :
o 0)~~;-'i -;":i.. : : ~I:1-:-u i; ; -

z).:~ :::j:
(n n i~---i

20 36 -1-. ;
_____________________ * 4

Lc0 41~: 42 43 4
BY7C TE- 00;eo~

Fi.4-1Tepratur Hitre o iudHdoe et03 laeVlm



43

3G.5_ 12 ich)
M 0-0 40

mI

()39

S.38

"u> 37

z 36

35 I
34 35 36 37 38

DYME C TIME - 1000 Seconds

Fig. 4-22 Temperature Histories for Liquid Hydrogen Test C-4; Ullage Volume 50%



28 ' l - 7

0 1.8 26
2- -

o 1.6 -

-~ 22
m 7

1.4 2

1.2

0 1.20

Z16

1.0

0 1 2 3

TIIE FROM START 1000 Seco d.s

Fig. 4-23 Pressure Histories for Liquid Hydrogen Tests C-3 and C-4



T - T 11-F

-B = (1- Z/A)Ts - TB

Assuming the characteristics shape of the stratified temperature profile to be time in-

variant, F is given by:

F =J d ( Z/A)T - T.
8 1

where Z is the distance below the interface and A is the total depth of the tempera-

ture stratification. Figures 4-24 and 4-25 show typical temperature profiles at various

times from the start of heating for Tests B-7 and B-11. In each run the interface is at

51.8 cm (20.4 in.). Test B-7 has only freon in the tank, while B-11 has Freon with the

3/4-in. polethelene media. The respective heat fluxes are 136 and 334W/m 2 , (43 and

106 Btu/hr-ft2). The stratified layer depth was obtained and the nondimensional pro-

files were plotted as shown in Figs. 4-26 and 4-27. These confirm the time invariancy

of the profile shape and result in energy integrals of 0.42 and 0.37 for Tests B-7 and

B-11, respectively. The dashed lines shown in Fig. 4-26 are obtained with the above

equation for (T - TB) using the experimental value F = 0.42.

Figure 4-28 shows the temperatures for Test B-26. The test fluid is oil. Also, the

tank is filled all the way to the top; the ullage is spherical; and the 3/4-in. porous media

is used. Even discounting the porous media, the effective Rayleigh Number is 6 orders

of magnitude below that for Run B-7. Neverthless, the value of F is 0.4 as shown on

Fig. 4-29. Figure 4-30 shows the nondimensional profile for Test B-1 (water) for which

F is approximately 0.4 also.

Figure 4-31 shows some temperature profiles for Test A-2 during warm-up period.

These are nondimensionalized on Fig. 4-32. Again, the time invariancy is confirmed.
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The value of F , determined by graphical integration of Fig. 4-32, is 0.37. The liquid

level for this run was at approximately 17 in. which corresponds to the maximum liquid

temperature. The tank was vented just before the beginning of the test which caused

some instability in the vapor temperatures above the interface. Thus, the temperature

at 50.9 cm (20 in.) started off slightly subcooled relative to the surface liquid. However,

within 1200 sec, the vapor exceeded the liquid temperature and a stable condition

existed before the heat exchanger was activated.

Figure 4-33 compares the results from these tests with the correlation for F which had

been developed and reported in Ref. 8. The data from this program are in good agree-

ment with the correlation.

The other major assumption employed in the model is the relationship between the

Nusselt and Rayleigh Numbers. The average heat transfer coefficients between the

liquid and wall were computed from the measured cooling rates and temperatures at

several times during a test. Nusselt Number was then calculated, using boundary layer

run length as the characteristic dimension, for comparison with a theoretical value

determined from the experimental Rayleight Number. The temperature difference used

to determine both the experimental film coefficient and the Rayleigh Number was the

difference between the mean liquid and mean wall temperatures, i.e.,

NL NW

ATWL = TL N T
WL N L N

i=l i=l

For a few cases, this was compared with the mean of the differences, i.e.,

TWL =N (TL TW

which was evaluated graphically. This method was considerably more time-consuming

and did not improve the data correlation. Therefore, it was discarded in favor of the

4-52

LOCKHEED MISSILES & SPACE COMPANY. INC.



1.0

o 0.8

0

I V I - - - -

m
m 0

S0.6 -,

DIFI GRASHOF N ER

Previous InvestigatorsI

z -

- .0. 1010 lo 1o2 .o13 10 15
0 1"DIFIED GRASHOF NUUi3ER

Figure h-3s' Cnmparison Between Energy Inteeral Data Form Current Program and That of Previous
Investiga tors

Fig. 4-33 Comparison Between Energy Integral Data From Current Program and That of
Previous Investigators



difference in the mean temperatures which could be determined rapidly with the aid of

an electronic calculator.

The results from this portion of the comparison between model and experiment are

shown on Fig. 4-34. The data generally support the model, although there is consider-

able scatter, particularly at the high Nusselt Numbers. However, the Nusselt temper-

ature differences were rather small (0.2 0 K--5K). The precision of the thermocouples

was estimated to be approximately 0.3 0 K (0.5 0 R). It is believed that much of this

scatter is due to these small temperature differences.

Figure 4-34 also shows the ineffectiveness of the polyethelene spheres. If the matrix

had been effective in simulating low-g connection, the Nusselt Numbers for those tests

(solid symbols) should be nearly two orders of magnitude lower than for the other

tests, which is clearly not the case. Additional work in this area should be consider-

ed wherein smaller apparatus and much smaller pore sizes are used.

The confirmation of the heating profile and the cooling coefficients lend a certain

amount of validity to the analytical model. However, the real proof comes not from

the individual parts, but rather from the integrated model and the extent to which it

correlates the test data. Figure 4-35 shows a direct comparison between the model

prediction and the experimental pressure response for Test B-7 which was conducted

in the cylindrical tank with Freon -11. Figures 4-36 and 4-37 show the temperature

histories for the same test. The correlation is very good. On Figure 4-37, the dashed

line represents the test data corresponding to the upper liquid node (node 6) and the

bottom liquid node (node 14). At intermediate locations, the temperatures are nearly

parallel. It can be seen that the major difference between model prediction and test

data is that the computed temperatures merge into the surface temperature during the

cooling process, which is not the case with the experimental data. The temperature

merging occurs in the model when tank pressure drops to local saturation pressure,

because no allowance is made for the static head on the subsurface liquid.
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In the development of the analytical model, it was assumed that a spherical tank could be

represented as a psuedo-cylindrical tank for which the geometry, psuedo heating rates,

etc., are computed in the GEOM subroutine based on spherical tank inputs. The validity

of this can be assessed from Figs. 4-38 and 4-39. These present a direct comparison

between experimental and pressure responses with liquid hydrogen at 15 and 50% ullage.

The curves indicated as "model" are based upon the computation with a uniform heat

flux established from the boiloff tests. However, when the tank wall heat exchanger was

activated, and the tank was locked up, the vent line became a trapped vapor pocket which

extended from the top of the tank out to the chamber wall. The effect on ullage volume

was insignificant. However, this results in a heat leak that is not determined during a

boiloff test when the line is being cooled by the vented vapor, but which goes into direct

ullage heating during the tank wall heat exchanger operation. An upper and lower limit

was estimated to be 0.85 W (2.9 Btu/hr) and 0.22 W (0.75 Btu/hr), respectively, for

this direct heat source. The curves labeled as "modified model" on Figs. 4-38 and

4-39 are for the added effect of the direct addition of 0.85 W to the ullage. The basic

model falls below the experimental pressure resp nses and the upper limit overpredicts

the test results. Therefore, the deficiency is in the experiment and one can conclude

that the analytical model developed in this program, for the tank wall heat exchanger, is

a valid performance evaluation instrument.
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Section 5

CONCLUDING REMARKS

This program was conducted to develop an analysis technique for evaluating the

performance of a tank wall heat exchanger as a means of controlling pressure in a

cryogenic tank during space flight. As a result of this work, the following conclusions

can be drawn:

(1) A tank wall heat exchanger can be used to control tank pressure.

(2) Some propellant subcooling does occur, resulting in excess loss of propel-

lant. However, the net effect of this inefficiency is insignificant after 5 or

6 vent cycles.

(3) The effectiveness of the tank wall heat exchanger is not diminished in the

absence of gravity because subsurface boiling tends to mix the propellants.

(4) A heat exchanger mounted on the external wall is heavier than one mounted

internally, but is probably preferred from a reliability standpoint.

(5) Tests conducted in this program have confirmed the validity of the analytical

model. Therefore, the parametric data that have been developed with the

model can be used to estimate the pressure control characteristics for the

range of geometries and environments covered herein.

(6) A packed sphere porous media does not appear to retard free convection for

the size of test articles used in this program. Additional investigations for

different porous media, and with smaller test articles, should be conducted

to extend the results from this program down to lower Rayleigh Numbers

(lower gravity simulation).
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Appendix A

TANK FILL MODEL

o During the first phase of the fill process liquid which enters the tank is
saturated and vaporized instantaneously, mixing with, and being raised to
the temperature of, the bulk of the ullage vapor.

o The first phase of fill continues until the ullage vapor temperature has
dropped to the point at which a liquid pool forms at the one end of the
tank. This point in time is determined by testing the evaporation time
of an "average" droplet.

o During the second phase of fill, the liquid forms a pool at one end of the
tank with incoming liquid going directly into this pool and the ullage con-
sisting only of vapor (no liquid droplets).

Phase IFill (Tu > T )

With the above assumptions, the general receiver tank equations for phase I are:

_iV C1 A I dM* * *

p* - exp - m - m (A-1)
RT. R T* T* dt* f

1 s i  s

dM uM - m * * (A-2)
dt* - my

M u R u dp* T* - T
dt* Cp P* d + mf u* s

= - m w umh* A* T (A-3)
C Mf wu wu u

M* T*
u u 1 (A-4)
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Equations (2) and (4) give

dT dM
u 1 dp* p* u

dt* M * dt* M *2 dt*
U u

1 dp T * (mf* - m*)] (A-5)M-* dt* u
u

Substituting (5) into (3) and using (4) yields

T* -. m* +wu wu uT *(- m * T + h* A* T* T*
mf* s v v u CP wu wu wu u

dp* = R (A-6)
1-

Cv

Solving Eq. (1) for T*
s

T*= (A-7)
s 1 R I(RTi p

T* CA n P.v
S. 1

1

The ullage vapor temperature is obtained from Eq. (4) as

T* = (A-8)u M*
u

The ullage mass is obtained from

M* = M* + -m * dt*
u u. t(m m)
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or

P.v t*

S RT + (m - m ) dt* (A-9)

0

Substituting (9) into (8) yields

P*

T* = T* > T* (A-10)
u P. v t* u- s

S+ (mf* - m *
RT i  f v) dt*

The ullage wall temperature is obtained from a heat balance on the ullage wall

dT* Cl
uw 1 __ q* - h* A* (T* T*) (A-11)

dt* M* C quw uw uw uw u

Equations (6) and (11) must be solved simultaneously, with the aid of Equations (7)

and (10).
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Phase II Fill (T * T *)

The simplified model assumed is not valid when the gas temperature nears the saturation

temperature, since there is not sufficient heat transfer to vaporize all the liquid as it

enters the tank. For this reason, Eq. (6) is integrated only until the ullage vapor

temperature is approximately equal to the saturation temperature. It is at this point

at which the Phase II analysis is applied.

For this analysis it is assumed that:

o Gas phase only exists in the ullage (M*=O)

o Liquid entering the tank is subcooled having a dimensionless temperature
Tj* and X=O.

o No boiling at tank-wall bottomed-liquid interface (rlsw=O)

The general receiver tank equations then reduce to

p* = Pi expR 1 - (A-12)

dM* A*RT
dM = m * T* - T*-h -T (A-13)

dtf S A Ius u SL s B

dM* A* r
u m* - * = S h*I T[ - T* - h*T* - T - n* (A-14)dt* LS v A us u s SL s v

dT* T* - T*
M B fL B =A B us u L S TB + A*h*dt- * (T T A [hs (T T) L ( -T )B dt* SL

- T WL BL (A-15)

where 4:L is the wall heat added to the liquid.

[dT* T * T* - T
M* L _ u ut s A* h * - T - - T

pu p* dt* us u 

= [h * A* T - T- hT* - Tu) (A-16)
us s u s wu wu wu u
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M* T*
M* + u = (A-17)

B p*

Equations (14) and (17) yield

dT* dM* 1-MB) * 1-%) dM*
u -p* B + B p p B u (A-18)

dt* M* dt* M* dt* M*2 dt*
u U U

Substituting (18) into (16) and using (17) yields

T* M* dM* dM* (T* -T*
dp* 1 u u + T * u - A * T* - h* T* T*
dt* (1-M) dt u dt* A s u u s SL s B)

C rh* A* T* - T* - h* A* -Tu (A-19)Cpv u s u s wu u (A-19)

The interface temperature is obtained from (12):

1
T* = (A-20)

R (RT i
1- In p *

A piV 2
The masses M and M* are obtained from integration of equations (13) and (14):

t*

B dM dt* (A-21)

ti

and t*

M*u ui + dt* dt* (A-22)

t*
1

Where t. is the dimensionless time at the beginning of Phase II fill, Mu. is the ullage
1 1

mass at t*, and M* = 0 at the t*.
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The ullage vapor temperature is obtained from (17):

T* M* - M (A-23)
u

The bottomed liquid temperature is derived from integration of Eq. (15):
t*

T* T *+f (dT,
B B. dt* (A-24)

t d
i

where we assume that T* = T* . (A-25)
B. S.

1 1

The ullage wall temperature is obtained from a heat balance on that portion of the wall

exposed to the ullage vapor:

dT* CdTuw 1uw *uw - h* A* T* - T* (A-26)
dt* M* C uw uw k Auw u

where uw w uw
where qw 1 2 uw o A

h 1LT w w

____B A BL A -AqBL ABL \Aw- AuwA

hL2T w w w
000

Criterion for Transition From Phase I to Phase II

Assume mean drop diameter DD = D = 1.73 x 10-3 ft.

From LMSC-A847685, P. A-27, droplet will evaporate before traversing ullage if

K u (Tu -Ts)RI R 2 Pu -3
4)=/> 10

X ififD X

where R I is radius of inlet.

E [ 1- X)+ X]- = for X = 0, so
X p P

K (T - Ts) R3

u u s I
X Ihf D*2fhy DD 2
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Therefore, transition from Phase I to Phase II occurs when
2 x10-3

Xm D* xl0
(T - T)< KuRI

or T u  Tsx 10- 9  (A-27)
Ku RI

For RI in feet.

Results

The model was used to calculate pressure histories for a tank that has been depleted

and is being refilled in orbit. It was assumed that the tank was not evacuated prior to

the fill and that both the tank and its contents were at 244 K (440°R). Starting pressure

was assumed to be 1 atmosphere. Figure A-1 is a typical result. It was found that

there is a very small drop in pressure (: 0. 1 psi) when the cold fluid first enters the

tank. Thereafter, the pressure starts to climb rapidly until the ullage and saturation

pressure approach equilibrium, near the end of Phase 1. Apparently, the combination

of mass addition and heating from the tank walls more than offsets the cooling of the

original gas. After the walls have been cooled to near saturation the pressure begins

to decline slowly. Flow rates were varied from 0. 65 percent to 65 percent of tank

capacity per hour with only a small effect on the peak pressure. However, the time at

which peak pressure occurs is nearly inverse to the fill rate. On the basis of this

analysis, it appears that if a tank is to be refilled in space, it should first be evacuated

and cooled with the vent open.
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DEFINITION OF SYMBOLS

A Cross-sectional area for flow, ft2 (m2)

A Interfacial surface area between bottomed liquid and tank!ullage, ft2 (m2)

AD Interfacia surface area between dispersed-liquid system and ullage-vapor
system, ft (m2 )

Cp Specific heat at constant pressure, Btu/Ibm-F (J/kg-*K)

Cv  Specific heat at constant volume, Btu/Ibm-F (J/kg-OK)

DD Droplet diameter, ft (m)

gc Conversion ratio, 32.2 Ibm-ft/lbf-s 2

g Acceleration of gravity, ft/s2 (m/s2 )
h Heat-transfer coefficient bosed on surface area, Btu/hr-ft2-oF (W/m 2 OK)

J Mechanical equivalent of heat, J = 778 ft Ibf/Btu

k Thermal conductivity, Btu/hr-ft-oF (W/m *K)

M Mass, Ibm (kg)

m Mass flowrate, Ibm/hr (kg/hr)

mf Mass flowrate of fluid entering tank through fill line, Ibm/hr (kg/hr)

mLS Mass rate of vapor addition to tank ullage due to vaporization at the free
surface minus the mass rate of condensation of incoming vapor which con-
denses directly into the bottomed liquid, Ibm/hr (kg/hr)

m Mass flow rate of vapor through tank vent, Ibm/hr (kg/hr)

p Pressure, Ib/ft2 or psi (N/cm2)

Q Volumertric flow rate, ft3/hr (m 3/5)

qow Heat flux density, Btu/hr-ft2 (W/m 2 )

qBL Heat flux density into bottomed liquid from tank wall, Btu/hr-ft (W/m 2 )

qUW Heat flux density into ullage vapor from tank wall. Btu/hr-ft2 (W/m 2 )
R Gas constant, ft-lbf/Ibm-*R (J/OK mol)

S Surface area, ft2 (m2 )

T Temperature, *F (OK)
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DEFINITION OF SYMBOLS (Cont.)

t Time, hr

V Volume, ft3 (m3)

v Specific volume, ft3/Ibm (m3/kg)

vfg Specific volume change during evaporation, ft3/Ibm (m3/kg)

Z' , Vapor compressibility factor

Greek Letters

, Constant, ratio of specific heats

Void fi-action or porosity

k Constant

A Dimensionless heat of vaporization

A Latent heat of vaporization, Btu/Ibm (J/kg)

P Density, Ibm/ft3 (kg/m3)

a = 0.1714 x 08 Btu/hr-ft2 _oR4

= 5.6697 x 10-8 W/m 2 OK4

S.. A function

Superscripts

* Refers to nondimensional quantity

Refers to time average or mean value

+ Refers to critical value

Subscripts

B Bottomed-liquid condition
b Bubble property or bulk-flow condition

c Core condition

D Droplet or dispersed-liquid condition

DI Drop condition at tank inlet

e Exit condition
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DEFINITION OF SYMBOLS (Cont.)

f Fill condition

g Gas or gaseous-phase condition

i Inner diameter or surface

1 Saturated liquid or liquid phase

LI Inlet-liquid condition

o Initial condition or outer surface

s Saturation condition

T Tank Condition

u Ullage vapor condition

V Vapor condition

v Vent condition

w Wall condition
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Dimensionless Groups

TT* T.

(RT.v

M* M

A* - 2
o

h* -

A -

Ci Ti

t
t* VC

V t

( Lo)

Lo= Characteristic tank dimension (diameter for spherical tank).
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Appendix B

HEAT EXCHANGER PRESSURE DROP

The liquid extracted from the tank is expanded to a low pressure and temperature and

passed through the heat exchanger to absorb enough energy to vaporize the two-phase

mixture. This vented vapor is then vented into the vacuum of space.

From a momentum balance, as the fluid flows through the heat exchanger, the pres-

sure gradient at any point in the tube is given by:

(dP\ dP dP dP

T= f a )g

where the subscripts, T , f , a , g refer to the total, frictional, acceleration, and

gravitational gradients, respectively.

Dr. Owens* has shown that the frictional gradient with two-phase flow is related to

that with liquid only flowing in the tube, by the following expression:

where x is the mass fraction of vapor, and subscripts g , I pertain respectively to

vapor and liquid properties. The frictional drop with liquid is given by:

tdP fj G2 v
dfl 2D g

*W. L. Owens, "Two-Phase Pressure Gradients" International Developments in Heat
Transfer, Part II, pp. 363-368, January 1962
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The acceleration pressure gradient is given by:

dP G2  dv

a c d

where:

v = vP (1-x) + xvg

A va dv
dv av v~ v dx +y d
d ax d a v

dv dP) dx d v dP)
=(1 - x) d + ( vx) + x d

The gradient due to the gravity vector is given by:

(dP sin 0 sin 0= g/g sine= g/gs
S g c v / v (l-x)+xvg

Substituting these various expressions into the first equation, we get for the total

pressure gradient at any point

fG 2 v 1+x + 1 g/ge sin
(p) 2Dg vj vj d vj (1 -x) + x Vg

1 G (1 - x) +
g dP dP

dvi
For cryogens, the term (1 - x) P is insignificant compared to the vapor term

dv
xdP . Therefore, the preceding expression can be somewhat simplified to give:

(dP Numerator
dj G2 dv

T 1+x -
g dP
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The total pressure drop in the heat exchanger tube must be obtained by integration,

i. e. ,

ff 2 _ d v g/go sin e
- 1+x -1 + -1 x dx c d

2 D gc  v1 d • vy (1-x) + xvg
(P 1 - P 2) = ) x +

2 dv

g dP

This equation is hot amenable to direct solution except by the tedium of trial and error

with step wise integration. However, we note that in the denominator, the quantity,

2 dv
G - is the (ratio)2 of actual to sonic velocity if the vent fluid is all vaporized.
gc dP

dv
It must be less than 1 in the heat exchanger tube. Since d is a function of

pressure and the mass flux is determined by the vent rate and tube size, we can use

the limit condition to estimate the minimum tube size that can be used. Fig. B-1

shows the maximum mass flux as a function of pressure in the tube.

The mass flux in 'the heat exchanger is related to the cooling rate and the tube diameter,

i. e.,

4 qc As
A 2Atube Xr dt

where:

= vent flow rate
v

A = tank surface area
s

dt = tube diameter

qc = average cooling flux at the tank wall
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Also, the cooling flux is related to the average wall resistance, Rcw, by:

(1 - 77) (TL Tc)

qc R
cw

Combining the two preceding equations and replacing tube diameter dt by tab diam-

eter 2a , we get:

A (1 - ) (T, - T)
G = 2

r R (a)2
cw

This equation can be rearranged to describe the minimum tube size in terms of tank

size, R and the maximum mass fluxcw

a m (1 -) (T - T /
min B 

12 Rcw TX G
(As) w max

The effectiveness has been shown to be related to the value of R cw The expansion

temperature drop, (TB.- Tc) is related to the heat exchanger pressure, for a given

tank operating pressure, as is the maximum mass flux. Therefore, for a given

pressure at the tube inlet, the last equation can be used to estimate the minimum tube

size for any tank and design value for R w.
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APPENDIX C

List of Symbols

- Heat exchanger attachment radius - M (Ft)

A - Area - M2 (Ft2)

AF - Flat interface area - M2 (Ft2 )

B

B - Bond Number - dimensionless
o

C - Sensible heat capacity - cal/gr (Btu/lb)

Cp - Specific heat at constant pressure - cal/gr-ok (Btu/lb-oR)

CV  - Specific heat at constant volume - cal/gr-ok (Btu/lb-R)

D - Tank diameter - M (Ft)

fl - Friction factor inside heat exchanger tube

F - Energy integral defined by temperature profits - dimensionless

G - Coolant mass flux through heat exchanger - Kg/sec-M2(lb/sec-Ft 2 )

g - Gravitational acceleration - M/sec2 (Ft/sec2 )

go - Standard gravitational acceleration - M/sec 2 (Ft/sec2 )

gc - Universal gravitational constant

GR  - Grashof Number - dimensionless

G* - Modified grashof number based on heat flux - dimensionless

h - Heat transfer film coefficient - W/IM-°K hr-Ft2 OR

k Thermal conductivity - W/M-0K ( FtoF

K - Slope of P-T saturation line - N/M2-oK (PSi/oR)

L - Boundary layer length - M (Ft)

M - Fluid quantity - Kg (lbm)

- Mass flow rate from boundary layer - Kg/hr. (bm/hr.)
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M - Mass flow rate into boundary layer - Kg/hr. (Ibm/hr.)

N - Number of heat exchanger attachment points

Nu - Nusselt number - dimensionless

P - Pressure - N/M2 (lb/Ft2 )

P - Prandtl Number - dimensionless
r (Btu

qw - Heat flux at the tank wall - W/M2  hr-Ft 2

Q - Heat rate - watts (Btu/Hr)

Q - Heat rate into each heat exchanger attachment - watts (Btu/Hr)
P

Ra - Rayleigh Number - dimensionless

R* - Modified Rayleigh Number - dimensionless
a

R - Tank radius - M (Ft)

R - Thermal resistance between the tank wall - M2 oK (hr-Ft2-
and coolant stream Btu

RF  - Radius at flat interface - M (Ft)

S - Spacing between heat exchanger attachment
points - M (Ft)

T - Temperature - oK(oR)

t - Tank wall thickness - M (Ft)

t - Time - sec

U1  - Characteristic fully developed, turbulent
boundary layer velocity - M/sec (Ft/sec)

U - Average, steady state boundary layer velocity - M/sec (Ft/sec)

V - Volume - M3 (Ft3 )

v - Specific volume - M3/Kg (Ft3/lb)

Wt - Heat exchanger tube weight - Kg (lbs)

Ws - Tank wall membrane weight - Kg (lbs)

X - Axial distance measured from bottom of tank - M (Ft)

y - Radial distance measured from tank wall - M (Ft)

Z - Compressibility factor - dimensionless

S - Elevation of flat liquid interface - M (Ft)

- Number of standard gravities - dimensionless

- Liquid coefficient of thermal expansion - K (R-1)
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6 - Boundary layer thickness - M (Ft)

- Stratified layer thickness - M (Ft)

* - Surface tension - Kg/m (ibF/Ft)

- Porosity

- Heat exchanger effectiveness - dimensionless

V - Kinematic viscosity

- Density - Kg (lbm)

- Latent heat of vaporization - cal/Kg (Btu/lb)

- Geometry factor used in GEOM subroutine - dimensionless

- Characteristic time for stratification - dimensionless

Subscripts

B - Pertains to area or volume subjected to
bottom heating

C - Pertains to cylindrical geometry

co - pertains to cooling at tank wall

g - gas

L - Liquid

S - Saturation conditions at liquid surface

s - Steady state

s,t - Steady state, turbulent

s,L - Steady state, evaluated at axial distance L

T - Total

TURB - Turbulent

U - Ullage

W,t - Pertains to conditions at the tank wall,
turbulent boundary layer
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